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Abstract 


The method of orthogonal collocation on finite elements 
(OCFE) was applied to two engineering problems. One of the problems 
considered is that of the flow of a Newtonian fluid in an internally 
finned tube. Cylindrical coordinates were employed and Legendre 
shifted orthogonal polynomials were used as the trial functions. An 


alternating direction implicit (ADI) method was used to solve the 


resulting set of equations. Better accuracy was achieved by increasing 


the number of collocation points per element rather than increasing the 


number of elements for a given number of interior collocation points. 


Although, in general, for a given total number of collocation points, the 


OCFE was found superior to the finite difference method in terms of 
accuracy, the computational time requirement was much higher for the 
method of orthogonal collocation on finite elements. 

The second problem considered deals with the simulation of 
two-dimensional miscible displacement of oil by a solvent in porous 
media. A direct method of solution was used. Solution of the 
continuity equation provided excellent mass conservation. However, 
realistic concentration profiles could only be obtained from the 
convection diffusion equation for a very high value of the diffusion 


coefficient. 
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Subscripts 


ilk rand ne Indices 


0 Oi] 

S Solvent 

if Fin 

AY In x and y directions 
- Vector 


Superscripts 


- Vector 

= Matrix 

Denotes a dimensionless quantity 
k,& Denotes Ke th element 


Sees tees | Denotes initial value, value after one half iteration 
and value after one complete iteration, respectively 


CeCeAt Denotes value after t and tt+At time levels respectively 
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Chapter | 
INTRODUCTION 


There has been a growing interest in the application of the 
method of orthogonal collocation on finite elements (OCFE) to a wide 
variety of chemical engineering problems. The OCFE method combines the 
features of the orthogonal collocation method with those of the finite 
element method. The main advantage of the orthogonal collocation 
method is its rapid convergence. In the finite element method, one 
can change shapeor size of the elements to fit irregular boundaries. 
Moreover, additional elements can be inserted in the regions of steep 
gradients. 

The OCFE method has been shown to be very powerful in 
obtaining solutions to one-dimensional problems. However, not enough 
work has been done to demonstrate the suitability of the method to 
multidimensional problems. 

The purpose of the present work is to study the suitability 
of the recently developed OCFE method to two-dimensional problems. In 
order to gain confidence in the method, it was first applied to a simple 
One-dimensional problem. The program listing for the one-dimensional 
problem is given in Appendix C. 

The applicability of the OCFE method to fluid flow in finned 
tubes is discussed in Chapter 4. The problem has a steep gradient at 
one of the boundaries. The reason for the choice of this flow problem 
is that the numerical techniques which were used to solve the problem 
could not handle the steep gradient unless a large number of grid points 
were used. The resulting algebraic equations were solved using the 


ADI technique. 
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The applicability of the OCFE method to porous media is 
discussed in Chapter 5. The problem deals with the unsteady state 
miscible displacement of oi] by solvent in an oil reservoir. Unlike 
the finned tube problem, a direct method of solution was used. The 
direct method solved all the equations simultaneously using the LU 
decomposition technique with iterative refinement. The direct method 
was employed because the ADI technique was found to be fairly expensive 
for the finned tube problem. The two different locations for the 
production well were considered. In one of the schemes, the geometry 
represented a quarter of a five spot. The second scheme which has no 


practical importance was used mainly to check the numerical results. 
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CHAPTER 2 
LITERATURE REVIEW 


The method of weighted residuals encompasses several methods 
(Subdomain, Collocation, Galerkin etc.). These methods were first 
unified by Crandall (1956) as the method of weighted residuals (MWR). 

A comprehensive review of the literature on MWR is available in Finlayson 
(1972, 1974). 

The method of weighted residuals was applied to a wide 
variety of engineering problems by Clymer and Braun (1973), Finlayson 
and Scriven (1966) and Vichnevetsky (1969). Application of the Galerkin 
method to reservoir engineering was considered by Cavendish et al. (1969), 
Culham and Varga (1971) and McMichael and Thomas (1973). Cavendish 
et al. described a new technique based on the Galerkin method which used 
both high and low order piecewise polynomial approximations to solve 
boundary value problems in reservoir engineering. Culham and Varga, in 
addition to the Galerkin method, applied non-Galerkin cubic spline inter- 
polation to solve non-linear parabolic equations. McMichael and Thomas 
investigated the feasibility of using the Galerkin method on three phase 
multidimensional compressible flow. They observed that for a given time 
step the Galerkin method required much more computer time than the 
finite difference model. However, the Galerkin method was capable of 
handling a larger time step. 

A collocation method was first applied by Slater (1934) to 
solve differential equations. Frazer et al. (1937) used this 
method with various trial functions. Lanczos (1938) used the roots to 


Tchebychev polynomials as collocation points. Sparrow and Haji-Sheikh 
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(1968) successfully applied a least square collocation method to steady 
State heat conduction in arbitrary bodies. The first known application 
of a boundary collocation method is due to Sparrow and Loeffler (1959). 

The method of orthogonal collocation was first applied by 
Lanczos (1938, 1956). It has since been applied by Cleanshaw and 
Norton (1963), Norton (1964), and Wright (1964) to solve ordinary 
differential equations. Villadsen and Stewart (1967) applied the ortho- 
gonal collocation method to boundary value problems. The method of 
orthogonal collocation has been shown to be very effective for certain 
non-linear chemical engineering problems and has been highly advocated 
by Finlayson (1971), Young and Finlayson (1973). 

Sincovec (1977) described the development of a generalized 
collocation method for the solution of coupled non-linear parabolic 
partial differential equations. He showed that the collocation method 
with Gaussian collocation points was more effective than the conventional 
finite difference solution. He also showed that for problems with a smooth 
solution, one would obtain more accuracy per unit time by increasing 
the order of the collocation method. 

The method of orthogonal collocation on finite elements 
(OCFE) which is the subject of this thesis is a rather new technique. 
The area is not well explored and not much work has been done on this 
method. Douglas and Dupont (1973) studied theoretically a finite 
element collocation method for parabolic equations. Bladier (1973) 
used OCFE to solve a die swell problem unsuccessfully. Anderman (1974) 
used this method to solve a two dimensional fluid flow around a sphere 


at a very low Reynolds number. He found that the computational time 
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-requirement was very large. Carey and Finlayson (1975) used the OCFE 
method to solve a one dimensional effectiveness factor problem in a 
catalyst pellet and they highly recommended the use of OCFE. Chang 
and Finlayson (1977) applied the OCFE method to a two dimensional 
problem and used the alternating direction implicit (ADI) method to 


solve the resulting algebraic equations. 


CHAPTER 3 
THE METHODS OF WEIGHTED RESIDUALS AND ORTHOGONAL COLLOCATION ON 
FINITE ELEMENTS 


3.1 General Treatment: 

The method of weighted residuals (MWR) is a general method of 
obtaining solutions to differential equations. The solution to be 
determined is expanded in a set of specified trial functions. The 
constants of the trial functions are obtained using MWR. The first 
approximation gives a solution within 20%. However, more accurate 
solutions can be obtained using higher approximations. 

For illustrative purposes, a boundary value problem is 


considered, Finlayson (1972). 
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in V(x,y) (Seis) 


ieee) on the boundary of V (ea) 
Assuming a trial function of the form 


n 
eile ae C.T. (3.3) 
where functions 1. satisfy the boundary conditions (T.=0 on the 
boundary). Substitute Equation (3.3) in Equation (5.1) to form the 
residual (The residual is zero everywhere in V when the trial function is 


the exact solution). 
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In the method of weighted residuals, C. are chosen in such a 
way that the residual is forced to be zero in an average sense. 


Equating the weighted integrals of the residual to zero yields 


(WF 2.0 a a eae n (3.5) 


where (WF 5 R) (3.6) 
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<+—__, 
= 
=) Bi | 
Ca, 
pe) 
2. 
<= 


and WF is a weighting factor. When WF and R are orthogonal then 
|W R dV = 0 
V 


From Equations (3.4) and (3.5) one obtains, 
2 =. 2 : 
Ci(WF V T;) (WF » V ie) aD) 


Equation (3.7) can be written as 


N 
a ih ; 5 (3.8) 
= 2 
where Gs (WF V T.) 
athe 2 
H. (WF =v is) 


Here i. and 1. are known. Therefore G. and H. can be evaluated if WF 
is known. The methods of choosing WF are described below. Once Gs and 
H, are known, C. can be evaluated using Equation (3.8). C. can then be 
substituted in Equation (3.3) to obtain the approximate solution. 

There are various ways of choosing the weighting functions WF. 
Each choice provides a different method of weighted residuals. Some of 
the important methods are considered below. 

a) Subdomain method: Dividing the domain V into Np smaller subdomains 
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One observes that the residual R, of the differential equation 


when integrated over the subdomain, V5: is zero as given by Equation (3.5). 


As the number of subdomains increase, the differential equation is 


satisfied in more and more subdomains and the residual approaches zero 


everywhere in the limit as n, > ~, 


D 


b) Least squares method: In the least squares method the weighting 


function is oR 


| 


V 

2.5 
at | 
V 


Hence the integral is minimized with respect to C.. 


Equation (3.10) provides the C. coefficients. 


Equating the residual to zero one obtains, 


aC. 
oR a 
aC R dV = 0 (3.9) 
Rerdve=sO tor iba lezen (3.10) 


Solution of 


The algebra involved 


using this method is usually rather tedious. 


c) Galerkin Method: 


are also the trial functions, i.e., WF Eso. 


In the Galerkin method, the weighting functions 


F The trial functions 


must be part of a complete set of functions so that the trial 


solution is capable of representing the exact solution provided 


enough terms are used. The Galerkin method forces the residual to be 


zero by making it orthogonal to each member of a complete set of 


functions. 


d) Method of Moments: 


the one dimensional case are 1,x,x2,X3, 


In this method the weighting functions for 
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higher moments of the residuals are forced to be zero. It is 
evident that for the first approximation this method is 
identical to the subdomain method. 

e) Collocation Method: In the collocation method the weighting 


functions are the displaced Dirac delta function 


WF = §(x - x) (Sa) 


which has the property that 
| WF R dV = Rl, ("2 ) 
V 

Thus the residual is zero at the N collocation points Xs and it 


approaches zero everywhere in the limit as N >. 


It has been shown that in the collocation method the solution 
depends upon the choice of the collocation points at which the residual 
is set to zero, Finlayson (1972). In order to reduce such dependence 
one can apply the least squares collocation method. In this method the 
residual is evaluated at more points than there are coefficients and the 
over-determined set of algebraic equations are solved by a least 
squares method. 

The orthogonal collocation method which is a special case of 


the collocation method is discussed in Section 3.3. 


SB cencno censor tid) EunCtIons: 

One of the most important considerations in using MWR is the 
choice of the trial functions. Such a choice is very important for low 
order approximations but for higher order approximations it is not as 
critical since the rate of convergence becomes the prime criterion, 


Finlayson (1972). 
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10 
The trial functions must be complete so that they represent 
the exact solution if enough terms are used. Further the trial function 
should be as simple as possible and should not complicate the analysis 
unnecessarily. For a problem with a boundary condition of the type 
y(x,z) = F(x,z) one may choose 
N 


ViXs 2) Her (Xe Zee ot dey, 
i=l 


(X37) 


where it is specified that Wits 0 on the boundary. Thus the choice 
Satisfies the boundary condition. One may start with a general 
polynomial and can obtain a reasonable trial function after applying 
boundary conditions and symmetry conditions. Orthogonal polynomials 
were found to be excellent trial functions (Finlayson 1972) and can be 
constructed to satisfy some of the boundary conditions. This approach 


is usually used in the orthogonal collocation method. 


3.3 Method of Orthogonal Collocation: 


The method of orthogonal collocation has been well covered by 
Finlayson (1972). However, a brief description is presented in this 
section in order to facilitate the understanding of the method which was 
applied to the two dimensional problems discussed in this thesis. 

The advantage of the method of orthogonal collocation is the 
rapid convergence to the solution as the number of collocation points is 
increased. Ferguson and Finlayson (1972) showed that for an ordinary 


(ty! ASS where N is 


differential equation the error was proportional to 
the number of interior collocation points. As N changes from 5 to 6 
the error decreases by a factor of 100. In the finite 


difference calculation of 0(Ax*), a change of N (= - from 5 to 6 
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decreases the error by only a factor of 1.4. 

In the orthogonal collocation method the collocation points 
are taken as the roots to orthogonal polynomials. Villadsen and 
Stewart (1967) chose the trial functions to be the sets of orthogonal 
polynomial which also satisfied the boundary conditions and the roots to 
the polynomials gave the collocation points. 

A brief description of the orthogonal collocation method is 
presented below. 


Let a function t be approximated by a trial function, 


NX-2 
t(x) = b, + by x + x (1-x) ba a.P. 4 (x) (3H 13) 
where the polynomials, Pi are defined by 
] 
[ WF(x) P(x) P(x) dx = 0 (3.13a) 


0 


and mn 


Thus the successive polynomials are orthogonal to all polynomials of 
order less than m with some weighting function WF(x) > 0. NX is the 

total number of collocation points (including boundary points). Since 
both even and odd powers of x are included in the trial functions, it is 
clear that the orthogonal polynomials have no special symmetry pro- 
perties. Equation (3.13) can be substituted in the differential equation 
whose solution is required and the residuals are set to zero at the given 
collocation points in the interval (0,1). Consequently the coefficients 
of Equation (3.13) can be evaluated. The collocation points are the roots 


to the polynomial P(x): Finlayson's approach is not to solve for the 
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written as, 


Taking first and second derivatives at 


obtains 


X 
Heh ama) WCZRS T=TRN 
dx x homey xe X 
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point. Equation (3.13) can be 


(3.14) 


the collocation points, one 


NX 
iby G1) -2)0,) 79 dy (3.17) 


where NX=N+2. N is the total number of interior collocation points. 


Writing the above equations in the matrix notation yields, 


t =Qd 
dt _=- 
at Crd 
and FURS =e 
Cet Veen 
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or {m2 
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(3518) 
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From equation (3.18) 


V0) 7. ae (3.24) 
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Substituting d in Equations (3.19) and (3.20) yields 


Te peat 2 eae Rea 
aor CA Oe mere Rt where A = C Q (3.25) 
d2t = =-] ae =e = s = =-| 


As the collocation points Xs are known, matrices Q, C and d can be 
evaluated and hence A and B can be determined. A general computer 
program to calculate matrices Q, es d, A and B is provided in Appendix 
A. The matrices are tabulated in Appendix B for 3 < NX < 10. Tabulation 
of matrices A and B is also given in Finlayson (1972) for NX = 3 and 4. 
The derivatives in a differential equation whose solution 
is to be found can be replaced by Equations (3.25) and (3.26). The 
resulting set of algebraic equations can be solved subject to the 
prevailing boundary conditions. For a differential equation of the 


type 


mde ee (3.27) 


one obtains 


NX NX 
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for each interior collocation point j. 


3.4 Orthogonal Collocation for Two-Dimensional Problems: 


For two-dimensional problems a trial function analogous to 
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Equation (3.13) is given by, Finlayson (1974). 


NX-2 
tix. vot = |» +X lea 100) X 


k=1 
NY-2 
C,+Cy + y(1-y) oy Bie ene) (3.29) 
ois NX NY 
k=] Q-] 
xa) it aes " ee (3.30) 
where 
aa A can (3.31) 


jos 
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ye. [ay (3.32) 


For any particular point (i, j) one can write 


NX ey NY 2-1 
T(x. syq ) a ie qk X. a qe Yj (25338) 


= T(x5 25) Equation (3.33) becomes 
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where Q. and Qy are Q in x and y directions respectively and their values 


Defining matrix 


or in the matrix form by 


ngs. 
= |Q,d 2) a4, (3.35) 
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The first derivative with respect to x is given by 
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or aT. j 
ron : aa, Ue (3.39) 


The first derivative with respect to y is given by 


ie Q. x ty Qy 
= le 
Hira Gali 
ay 3 (3.40) 
where 
T = Q dy qd, or (3.41) 
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As the same collocation points are being used in both x and y directions, 
the subscripts x and y from A, B, C, d and Q can be dropped. 


let Z=T (3.45) 
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Equation (3.43) gives 
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Interchanging i and j in Equation(3.46) yields 
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Similar relations hold for the second derivatives. 


Thus for a two dimensional problem of the type 
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for any interior collocation point (i,j) 
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3.5 The Method of Orthogonal Collocation on Finite Elements (OCFE) 

The main difference between the method of weighted residuals 
(MWR) and the traditional finite element method is in the choice of the 
trial functions. Normally MWR uses trial functions defined over the 
entire domain whereas in the traditional finite element method trial 
or shape functions are defined over each element. The advantage of the 
finite element method is that the elements can be changed in shape or 
size to fit the physical boundaries. The method of orthogonal 
collocation on finite elements is an attempt to combine the features of 
both the orthogonal collocation method and the finite element method. 

The main feature of OCFE is that the domain of interest is 
divided into subdomains and that the trial function is applied over the 
domain in a piecewise fashion element by element. Using such 
discretization OCFE should then be able to handle solutions which have 
Steep gradients. As the trial functions are orthogonal in the region 
(0,1) it becomes necessary to have the independent variable(s) to lie 
between (0,1). For a given element, the value of the residuals give an 
indication as to whether more elements need to be added in a given 
region. The total number of iterations can be reduced by using a 
solution obtained with a lesser number of collocation points as the 
initial guess for a higher number of collocation points. Irrespective 
of the nature of the solution, (symmetric or unsymmetric), a general 
polynomial approximation should be used in OCFE. A given differential 
equation is satisfied at each interior collocation point. At the 


element interboundaries, continuity of the first derivative is sought. 
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For a one-dimensional problem, one obtains a block diagonal matrix. Two- 


dimensional problems can be solved as one-dimentional problems using 
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18 
the alternating direction implicit method (ADI). 
Appendix C illustrates the solution of a simple one- 
dimensional problem using OCFE. The computer program is also 
included. A similar approach was used to solve the two-dimensional fin 


problem discussed in Chapter 4. 


B45? PApPROXTMat] Oner Kons: 

Douglas and Dupont (1973) showed that,for parabolic 
differential equations the discretization error was proportional to h* 
(h=1/NE) for N=2 , when the collocation points were the Gaussian 
quadrature points. However, when the collocation points were uniformly 
distributed in each element, the error was proportional to h*. Thus 
changing the collocation points to Gaussian quadrature points reduces 
the error dramatically. More generally, Deboor and Swartz (1973) 
showed that for a differential equation of the type Dy = f(y), the 
error for the OCFE could be given by the following relation. 

1 yN+2 
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Douglas (1973) showed that for linear problems,when the 


trial polynomials were of degree (N+1), convergence proceeded as 
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CHAPTER 4 
APPLICATION OF THE METHOD OF ORTHOGONAL COLLOCATION 
ON FINITE ELEMENTS TO FINNED TUBES 


The method of orthogonal collocation was applied to a 
difficult fluid flow problem. The selected physical problem is that 
of an incompressible Newtonian fluid flow in the internally finned 
tube shown in Figure 1. The governing equation is an elliptic type of 
partial differential equation. This problem was chosen mainly 
because traditional finite difference techniques did not provide an 
adequate solution unless a large number of grid points were 
used and other techniques which are usually used to solve these type 


of equations failed to produce a satisfactory solution. 


4.1 Statement of the Problem: 


The momentum equation governing the fluid flow is given by: 


TL cay sit ee ips Ge mee ake ale 
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The appropriate boundary conditions are (Figure 1) 
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(b) 


(c) 


Flow Geometry of a Finned Tube 


FIGURE 1. 


W=0 -atr=1 andO<6<a (4. 3a) 

W=O0 ate@=a andI-tL<r<] (4. 3b) 

OW _ 7 

een atre =O. and)0) <r <a (4.3c) 
at @=a and0O <r < J-L (4.3d) 
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Due to the complexity of the boundary conditions and the presence of a 
Sudden velocity variation at the fin tip, it is unlikely that a closed 


form analytical solution exists. 


4.2 OCFE Formulation of the Problem: 


For every ket" element (Figure 2) two new variables are defined 
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mk acke loa eek (4.5) 
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i ae =A (4.6) 
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Thus in any kot element both the variables g and v vary from zero to 


one. 


OCFE is applied at each interior collocation point of each 


element (kz). Equation 4.2 can be written as: 
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FIGURE 2. 


Finite Elements and Collocation Points 
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FIGURE 3 


Collocation Points Near the Fin Tip 
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For a given element kx, NP@ and NPR are the total number of collocation 
points (including boundary points) in 6 and r directions, respectively. 
NE@ and NER are the number of elements in 6 and r directions respectively. 
Figure 2 shows the elements on which Equation (4.7) is applied. 

| Essentially Equation (4.7) is applied to each element of the flow field. 
On the element interboundaries continuity of the function and its 
first derivative 1S assumed. For the element boundaries that coincide 
with the tube boundaries, the physical boundary conditions as given by 
Equation (4.3) are applied. The algebraic Equations (4.7) together 
with the boundary conditions are solved using the ADI method, Peaceman 


and Rachford (1955). 
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4.3 Solution of the Equations: 


Equation (4.7) can be written as 
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To solve the system of equations using ADI, Equation {4.10) is written 


in two different forms. 


a2 1, Constant r solution: 


For constant r, Equation (4.10) can be written as. 
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where w is an iteration parameter and (s+) denotes the velocities at 
the end of a constant r sweep. 
At the element interboundaries, the following conditions are imposed 


(i) Continuity of the function: 
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(ii) Continuity of the first derivative: 
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In addition the following boundary conditions are imposed (Figure 3): 
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for L>2 a= Lead Nee NER 
Se OU nas NPR-1 
(4.15b) 


Equation (4.11) together with Equations (4.12) to (4.15) were solved line 


by line at constant r (ise for j=2,....NPR-1 and 2=1,...,NER) 


4.3.2 7Constant 6 solution: 


For constant 6, Equation (4.19)can be written as 
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where (s+1) denotes the velocities at end of a constant 6 sweep. 


At the element interboundaries the following conditions are imposed: 


i. Continuity of the function: 
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ii. Continuity of the first derivative: 
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In addition, the following boundary conditions are applied, 
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Equation (4.16) together with Equations (4.17) to (4.20) were solved 


oy 


line by line at constant 0 [i.e. for i = 2,...NPe=1, and k = 1,...NE@]. 
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4.4 Computational Scheme: 


It has already been stated that the ‘Alternating Direction 
Implicit’ ADI method was used to solve the resulting algebraic equations. 
The system of equations described in Section 4.3.1 was solved line by 
line at constant r (i.e. for j=2, ...NPR=] and 2=1,...NER). Since the 
right hand side of the Equation (4.11) is known, the system of equations 
in Section 4.3.1 can be solved as a one-dimensional problem by the method 
described in Appendix C. To start the iterative procedure an initial 
solution was assumed for the entire domain. Due to the nature of the 
boundary condition along 6=a, two different matrices were obtained. 
Therefore for part 1, one needs to invert only two matrices regardless 
of the number of iterations. As discussed in Appendix C, both the left 
hand side matrices were block diagonal and were converted to a band 
structure prior to entering the subroutine GELB. One may use LU 
decomposition equally effectively. After one half iteration the 
solution is known for j=2, ...NPR-1 but not for J=1 and NPR.The solution 
at these points may be obtained by smoothing, Chang and Finlayson (1977). 
However in this work, old values were used at these points for the 
second half of the iteration scheme and no smoothing was performed. 
The second half of the iteration scheme (for the system of equations 
described in Section 4.3.2) is similar to the first half except that 
only one matrix is inverted regardless of the number of 
iterations. The computational scheme is shown in Figure 4. After the 
completion of the second half of the iteration scheme, the velocities 
at the points marked with solid circles in Figure 5 are still not known. 


The solution at these points was obtained using a finite difference 
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FIGURE 4. 
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Flow Chart for the Computational Scheme for Finned Tube 
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technique. The finite difference development of Equation (4.7) is 
given in Appendix D. 

Once the solution at all the points was known, the procedure 
was repeated till convergence was achieved. Convergence was 
assumed to have been reached when the average velocity did not change 
by more than 107" in 50 iterations. A quadrature approach was used to 
calculate the average flow velocity. 

The rate of convergence was found to be a very strong 
function of the iteration factor w. The iterative procedure becomes 
unstable when » is large and the rate of convergence is very slow when 
w iS small. The optimal or near optimal value of w was found by 
trial and error. In general, the appropriate value of w increased with 
the number of interior collocation points and with the number of 
elements. Table 1 shows that w varied from 2 (for NEe = NER = 5, 

NPe = NPR = 3) to 1150 (for NE@ = NER = 2, NP6, NPR = 8). The 
optimal value of w was also a function of the number of fins and the 
fin length. 

As the iteration parameter -is the recriprocal of a time 
interval when solving similar problems with the time derivative of 
W included, a large w means that the time step is small and the 
number of the time intervals to reach "Steady state" is large. Table 
1 shows that as w is increased the number of iterations to convergence 
also increased. The CPU time per 100 iterations is shown in Table 1. 
The computational time was found to increase fairly rapidly with the 
number of collocation points. For example, for two elements in the 


6 and r directions, the CPU time per 100 iterations was 1.7 and 22.4 
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seconds for NPg = NPR = © and NPo = NPR = 10, respectively. For this 


type of problem, the ADI method becomes fairly expensive in terms of 


CPU demand for cases using a large number of collocation points. 


4.5 Calculation of the Average Velocity: 


The average velocity in finned tubes is obtained using the 


following expression: 


<W> = (4.21) 
Joma er dreds 
e=0 r=0 
or 
1 
cW>= & f* foyer dr de (4.22) 
MeO gO 


Equation (22) was evaluated using a quadrature approach. The following 


formula was used to evaluate the average velocity 
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The listing of the weighting factor w is given in Appendix B. Integration 
was performed first in the r-direction. The resulting values were 
integrated again in the e-direction to complete the integration over 

the entire flow region of interest. The velocities at the element 
interboundaries do not affect the average velocity as the quadrature at 


these points is zero. 
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Table 1 


Summary of Computations for the 
Orthogonal Collocation on Finite Elements Method 


NF NE@ NP@ w CPU Total No. 
NER NPR . (seconds ) of 
_Iterations 

hal 5 40 Had 250 
2 6 79 fo (2 250 
2 i 120 625 756 
2 8 185 10 1100 
2 5 60 yey 250 
2 6 70 cee 300 
7 7 110 De! 600 
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2 5 40 Ted: 300 
2 6 80 Zee 500 
2 4 320 6.3 800 
2 8 180 10 750 
2 10 385 fafa tet 1600 
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2 6 ' 500 ats 600 
(1 7 780 Ges 
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5 3 2 ee 100 
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5 5 300 6.1 ~ 200 
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One quantity which is quite useful in the study of fluid flow 
in finned tubes is the product of friction factor and Reynolds number 
(f.Re). It is given by the following expression, Nandakumar and 


Masliyah (1975). 


f.Re = = (4.24) 


where <W> is the average velocity, Ac is the cross-sectional area, and 
Ce is the wetted perimeter. Here Re is based on the equivalent 
diameter D.- 

The representative flow area and the wetted perimeter are 


given by, respectively, 


to = 21 SANE See Be 
Ae mR (5-) 5 R (4.25) 
and i 
Ce = (2nR) (5—) + L' = aRth (4.26) 
Mg LG) oP 
where Ae Ae/R (4.27) 
oy = Ce/R (4.28) 
and . 
Las LR (4.29) 


Using Equations (4.25) to (4.28) Equation (4.24) becomes 


202 


RS Sareea (4.30) 

In a case when there is no fin present (L=0), Equation (4.30) becomes 
f.Re = —4 (4.31) 
: <W> . 


Equation (4.31) is used to check the numerical results presented 


in the Section 4.7 
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4.6 Other Techniques 
4.6.1 Least Square Matching Technique 


The general solution of the Poisson equation representing the 


momentum equation is well known and is given by 


ne -k 
Were geet Dy Tee ) (he iiaeel hie 


k 
) 
4 1 


cos 6k 


+) (crm + dur*) sin 6k 


k 
Utilizing the boundary conditions (4.3c) and the fact that the solution 
must be finite at r=0. a more specific solution is, 


M 

j 

W = ak ) ar’ cos 6k 
k=0 


The coefficients a, can be determined by choosing N(=M+1) 
points along the flow duct boundaries. Each boundary collocation point 
provides one algebraic equation. The resulting N simultaneous 
equations can be solved for the N coefficients. However, by 
considering more boundary collocation points (Maz N) than coefficients, 
the over-determined set of algebraic equations can be reduced to a set 
of (M+1) equations by a least square approach with a weighting factor 


of unity. 


Although this method was found to be very successful in the 
solution of flow in arbitrarily shaped ducts, Ratkowsky and Epstein 
(1968) and other complicated flows, Bowen and Masliyah (1973), the 
method failed to give any meaningful flow field for fin lengths greater 
than 0.2. The number of coefficients varied between 5 and 20. Similar 


conclusions were also reached by Soliman and Feingold (1977). 
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4.6.2 Finite Difference Method, F.D. 

Masliyah (1975) has used a F.D. method to solve Equation (4.2). 
The momentum equation was discretized using a three-point central 
difference module. The derivatives at the flow boundaries were 
approximated by Newton forward and backward three-point formulae. A 
successive over-relaxation method was used with a relaxation factor of 
127. “Solutions for grids of (11xi}), (21x21) and’ (41x41) were 
obtained. 

Convergence for the (11x11) grid was fast and the rate of 
convergence was found to decrease rapidly as the number of the grid 
points was increased. For a grid of (41x41), the rate of convergence 
was so slow for the case of a fin length, L = 0.4 and number of fins 
NF = 8 that it was not possible to ascertain whether convergence had 
occurred after a total of /000 iterations. 

Table 2 shows the time requirements and the total number 
of iterations needed to achieve convergence. In general, convergence 
was assumed to have been reached when the average velocity did not 
change by more than 107° in 50 iterations. 

4.6.3 Soliman and Feingold Approach. 

Due to the failure of the least square matching approach, 
and to overcome the mixed-type boundary conditions, the flow domain 
was divided into two regions separated by a circular arc of 
radius (1-L), Soliman and Feingold (1977).General trial functions for 
each region were evaluated. These functions satisfied the respective 
region boundary conditions. Using the continuity of velocity and its 
derivative at the boundary of the two regions at equi-distant collo- 


cation points, the constants contained in the trial flow functions were 
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evaluated. The number of inter-boundary cclic: stion points varied 
between 10 and 20. Soliman and Feingold found that the average 
velocity of the flow was within 1% for 10 and 20 coefficients. The 


results using 20 coefficients are given in Table 3. 


4.7 Discussion of Results 

In order to compare the results for the fluid flow in an 
internally finned tube, the central velocity and the average velocity 
will be used for comparison. In order to gain confidence in the 
numerical results, a limiting case is considered. When the fin length 
is zero the exact value of f.Re is 16. OCFE also gives a value of 16. 
This shows that the numerical results are in perfect agreement with the 
exact solution for the limiting case considered. 

As the purpose of this work is not to study the flow in 
finned tubes but rather to study the general applicability of OCFE to 
obtain solutions to this type of problem, only a few flow cases are 
considered,and these cases are primarily dictated by the availability 
of results from other workers. The flow cases considered are 
for NF = 338 with fin lengths of 0.3, 0.4, 0.5 and 0.7. NF is the 
number of fins. 

H. Kan (1978) has presented some. results for GOC. Due 
to the presence of a discontinuity along ® = %(presence of the fin), 
global orthogonal collocation is of limited application. It is not. 
possible to arbitrarily select a fin length, since the tip of the fin 
must lie on a collocation point. When NR is an odd number, the 
middle collocation point is always at r= 0.5. It is for this 


reason that the results for GOC are only given for one fin length, 
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namely L = 0.5. Cases for NR=No=5,7 and 9 were attempted using the 
global orthogonal collocation method. 
For the case of orthogonal collocation on finite element, 
two configurations were attempted. 
(a) NER = NEe = 5, NPR = NP6 = 3 and 5 with Ar and Ao being equal for 
each element. Use of an odd number of collocation points 
ensured that the fin tip lies on a collocation point (See Figure 3a). 
(b) NER = NE@ = 2 with NPR = NPe = 5,6,7,8 and 10. Here Ar was not 
equal for the two elements and therefore Ar, was selected so 


that the fin tip falls on a collocation point. (See Figure 3b). 


The summary of results 7S qiven in Table 3. For 
comparison, the finite difference solution for the fine mesh (41x41) 
will be considered as the "true" solution. Indeed, a close examination 
of Table 3, columns 9 and 10,indicates that both the centre velocity 
We and the average velocity, <W> for the (21x21) grid and the (41x41) 


grid are in fair agreement (maximum variation is about 1.2%). 


The results for global orthogonal collocation for a fin 
length of 0.5 lie much lower than the "true" solution. The values 
of We and W are shown in Figure 6. The fluid problem employed here 
is a rather severe test of the GOC method. For NR = 9, the values 
of r at the 4th, 5th, and 6th collocation points are, 0.2971, 0.5000 
and 0.7029, respectively. This means that the first collocation point 
away from the fin tip, where the velocity is not zero and the symmetry 


condition is applied, is at a distance of 0.2029 away from the fin tip. 
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In other words, the gap between the 4th and the 5th coilocation points 


is fairly large and therefore the velocity resolution is fairly poor 
near the fin tip. As the fin tip position is very critical in 
determining the velocity field, it is not surprising that the results 
as given by the GOC are poor, although a total of 49 interior 


collocation points are used. 


The results for the OCFE for the case of NP6 = NPR = 3 and 
5 with NEe = NER = 5 are given in columns 6 and 7 of Table 3. As the 
total number of collocation points is increased from 3 to 5, the 
agreement with the "true" solution improved. The maximum difference is 
about 7% (for the case of Woe L =.0.7). For NPR = 5, the collocation 
DONS ede Use la) ga0s50,008007 3 and 1.0. Withiar = 072,..this means 
that the interval between the second collocation point and the third 


collocation point (j,) is 0.2 (0.5-0.1127)=0.07746. A finite 


f 
difference method with a 14x14 grid would produce a uniform Ar similar 
to that near the fin tip for the case of NE@ = NER = 5 and NPo = NPR = 5, 
Comparison of column 7 with columns 8 and 9 of Table 3 shows that the 
results of OCFE do not fall between those given by the finite 
difference method for the (11x11) and the (21x21) grids. In fact the 
OCFE results fall below those for the (11x11) grid. This indicates 
that the OCFE having uniform element size with NE6 = NER = 5 and 
NPe = NPR = 5 (a total of 25x9 collocation points) is not suitable for 
this type of a problem. 

Further numerical experimentation was conducted with two 


elements of unequal size in r-direction and two elements of equal 


size in 6-direction, i.e., NE@ = NER = 2. The number of collocation 
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points was varied, viz, NP® = NPR = 5,6,7,8 and 10. As the number 

of collocation points was increased, the values of We and <W> 

approached those given by the finite difference method with a (41x41) 
grid. Figures 7 and 8 show the variation of the centre velocity and 

the average velocity with the number of collocation points, respectively. 
The values of We and <W> for the NF = 3 and L = Q.3 for the case of 

NPe = NPR = 8 (total of 144 interior collocation points) are close to 
those given by a grid of about 21x21 using the finite difference method. 
Similarly, using i and <W> as basis for comparison, for NF = 3 and 

L = 0.5 and 0.7, the NPo = NPR = 8 case was found to be equivalent to 

a grid of about (15x15). For the case of a more number of fins, NF = 8, 
a NPe = NPR = 6 (total of 64 interior collocation points) was found to 
be equivalent to the finite difference scheme of (11x11) grid and a 

NPe = NPR = 8 was found to be equivalent to at least a (21x21) grid. 

The results of Soliman and Feingold are shown in Figures 7 
and 8 for comparison. For the case of L = 0.7 (NF=3) and L = 0.4 (NF=8) 
their results are in good agreement with those for NPoe = NPR = 8. 
However, as the fin length is decreased, Soliman and Feingold results 


become equivalent to those of lower order grid points. 


oe “ oe ot vs . 
: 7 ny 
atantssaqeul! getiniom eilneantaas cae) cutie prrer ye 


io acer aly oor CP =< oes E> Wn old at we i 


ot acoks aan (zateg mokinsot ion satietot Sf te feats = ‘i « 7 
Jbonttae aongrery thy Sere ult pidiew teas swag ‘te btn ia navy, sa Py 
bane € =< Wh vol ee Peeps 07 aes a cur hes # ontew Bt, 
jon iey taps sd ot bey? caw yeep 8 = F408 4 OW ORF a T.Oyane: 7 0 
J 2 Tt pant) Fo) sal ore & ta. 9805 - 70% .(etuel) Janda a? 
brug? tow (esdiag cot enT hi sari BR. 7G. UATO2 = "i'M i: ‘e 


4) ivf’) Sg ermine shase shire OFFTarF at of 3n a fav lupe 
sa ow é : 

nd fonigviigs sh ee bic? eer is We eae 

oe hee a 


pre | ‘iid ey. if ny rn Bo ' Fo aif] . 
; , cn 
| hha. Cf 0 = J te eo a4 49 «ee Pvageeo antes 
iit 94) sot “the jeeerwe. does af 400 27 ey eee 
_ 


isn jet wey Aan tok -haeeniels 2? dionet art any Be tevewon 
Ae 


ka 


arog Tre if) Poel) Fo eran? &: reelaviuge 


it 


’ a 


ge 


O2lete 7 saek eee ae ban enn, te 
VASAT EO 21x 271.7 D4Ux 4b 
0.210 : 
Satis babu toaae nest L=0.3 
NF=3 
W 
c 0.205 etteettentd —- NEQ=NER=5 
NP@ =NPR=5 
awe EI = NER = 2 
0.200 mr eneene Soliman and Feingold 
ase Finite Difference, FD 


Sls te toe, 
41x 47 FD 
21x21FD ooo 
0.155 —— 
11 13}EDe aces 


a1x21—Fp 4x4 Fb 


9 
NPR or NP@ 


FIGURE 7. Variation of Centre Velocity with Number 
of Collocation Points for OCFE 


al 
f ; 
} 


a 


. /~ 7 
( eT ¥ eo 


2 et sat eet 
- ap Np 


= ores net 
: - 


¢ 


= 


i a Ait ¢ rooney ct ben » avi te! a 
a@e wih esa? ge ceiseiol lm 


ut 
5 , 
= ‘ 
rvs — 
* 
ai 
} 
© 
- 
— 
1° 
he 
di 
te J 
, 
» * 24 
— adh sarmand 


(ete 
i ee! | 


ries kh 


ae wrane is MTT re a no a TT FL 
| —-—-—-— NEO = NER=5 | 
NPO=NPR=5 


we —— NE = NER =2 
we eeeene Soliman and Feingold 


0.99 ee FIN te DON Ierence, FL) 


0.98 21x21 FD 41x 47 FD 


0.97 11x 11 FD 


0.96 


<W>X 10 


0.95 


0.94 


0.68 61x 41 FD 
0.67 21x 21D 


0.66 


as oe em om 


Tix 11FD 


L=0.5 
NF =3 


0.65 
0.64 


<W>xX 10 


0.63 
0.62 


0.45 ine ey ee pate 
0.44 21x 21FD ae 

0.43 

0.42 119011 ED L=0.4 


<W>X 10 


0.41 
0.40 


> 0.45 
41x 41FD 


=== = oD 


0.44 
0.43 


TipeiDED 


0.42 
0.41 


<W>X 10 


0.40 
NP@ or NPR 


FIGURE 8, Variation of Average Velocity with Nuiber 
of Collocation Points for OCFE 


45 


a e+ ag 
ast ei ) 
t= DUR 9 et aoe 
| blog ete bral oi mye ntonnay ; 

one 


) oy rt “@ cna 
| Sn GS = 
r : uy . 
i 7 
| pes 
| A 
@ 
‘ my 
a 4 ie 
; et) 
a iy 
Bs , | : 
ie} J 
. \ 0 
7 
a a 7 5 
1 44.5 < 
1 é oS y 7 
ee _ 
joe? 2k } 
a seno A 
Ls _ = ‘ 
=i8o a a3 
jae ,-: 
jeu R. 
7 va (7< t ‘ 
oS ~~ 
Toe) | ‘:, - 
he i “i. 
| wos. &.. Bis -(Bee-4 
SUA yo WM 
q : *) 


atime Sep gajoelda egatevA te wd tel calf 7 
WED whe vielo¥ vol ivanttas 7 


7 


CHAPTER 5 
APPLICATION OF THE METHOD OF ORTHOGONAL COLLOCATION ON FINITE ELEMENTS 
TO POROUS MEDIA 


This chapter demonstrates the applicability of the method of 
orthogonal collocation on finite elements (OCFE) to a flow problem in 
porous media. The equations simulating miscible displacement in 
porous media were solved using OCFE. Unlike the finned tube problem, 
a direct method of solution was used to solve the resulting algebraic 
equations. 

The physical process considered here is that of a homogenous 
porous medium having a very viscous and practically immobile oil. A 
solvent of low viscosity is injected into the reservoir through an 
injection well in order to reduce the viscosity of the oil. The oi] 
is assumed to be highly miscible with the solvent and the oi1-solvent 
mixture viscosity is taken to be a strong function of the solvent 
concentration. As solvent injection proceeds, a mixture of oil and 


Solvent is produced through the production well. 


5.1 Governing Equations: 


The two dimensional incompressible miscible displacement in 
a porous media can be described by the following equations, Settari 
et ia] .-(.1076):. 
ee pail eat Cae) 


and 
Vv .(¢ Kor Yec) = 7 (uC) =¢— + q C. 2) 


where » is the porosity of the porous medium, u is the Darcy 


46 


Ceaety aie biter ontyotwuls a —_ il ioe 

} 7 Te 
eanat? af? sQhted 2798 saline ster ¢ sin nl rer 
. a. y ave a 


avtca oo | iM are ALI OF" ' how 
as ode 


ae 
7 


: a i 
: mt q) 7 
\ é - } 24" Ty ~ \ fi ‘3 reek peli fy ‘|e as b = ott a a 


int ah Uby amor te wl te - 


. ; : i 7 
. - — a 
@ | ” 
ae ' aipy(), t's Cee oe Pi) 


"i al iteviat a os buanre « 


tive eyooeta Wepy fA seven ea 


raudd 2h bieangs ¥ 
" 
ii Oe BA" 008d 


‘e paberyy, 


a 
tiie i rf ryt! jh a 6: 
_ 
Dh 
Pera j ! ‘ tag? sat 7 
" 


{. iti yesb od tad Rom 


’ - _ 


a Ot) 
ee 


y ee a " , iY 9 ia), Zi 
7s p vu" i} wie Fi { tied aes 
ok ie 


: wm eyqtod atts ho wi tsec req HAZ stems we 


| 


47 
velocity and Kot is the total dispersion coefficent. C.F is the source 
concentration and C is the concentration of the solvent in the oil- 
solvent mixture. q is the amount of fluid injected or produced in 
cubic centimeters per cubic centimeter of the formation per second. 

The viscosity of the oil-solvent mixture is assumed to be a 
function of concentration, and is given by, Settari et al. (1976). 
UUs 


Ce Se (5.3) 
[(1-C)u,/° + C i 


where Uy and Ug are the viscosities of the oil and the solvent, 
respectively, and e iS a mixing parameter. 
The two-dimensional form of Equations (5.1) and (5.2) can be 


written, respectively, as 


lo eee U aecace ys =e) (5.4) 


and 


where K, = o K 


D DT 


Using Darcy's law the components of the fluid velocity in Equation (5.4) 


can be replaced by 


=p -2D 
Uy rv ox! (5.6) 
and K 
eae nee: 
Uy u ay! (5 7) 
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where Ko is the permeability of the porous medium. The 
dispersion coefficient Ky is taken as a constant in both directions and 
is assumed to be independent of the fluid velocity. 

Multiplying equation (5.4) by C and using equation (5.5) 
yields 


3 oC 3 oC oC oe ee 
9x! [Kp ete 2 ay! [Kp ay i UY 9x! Fi Uy ay! i: 


o ray GUxes yey) (C.-C) (5.8) 


where Ci. is the source concentration. This concentration is 
equal to the input concentration for an injection well and to C(x, y) 
for a production well. Consequently the last term in Equation (5.8) 
disappears for all production wells. 

The boundary conditions considered are for an isolated system. 
The geometry of the porous medium is shown in Figure 9. The porous medium 
is assumed to be a rectangle. Equations (5.4) and (5.8) were solved 


using the following boundary conditions, 


a 0 fOr AX.) ec GN (5.9a) 
ef d (5.9b) 

ie OGIUXe ye adh : 
Ws Uy = 0 for (x,y) e« da (5.9c) 
Cie amok) for (x,y) e dA (5.9d) 


where dA is the boundary of A and n is the outward normal to 


dA. 
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5.2 Numbering Scheme 


For computational purposes a quarter of a five-spot was 
considered. Only two elements of equal size were used in each direction. 
The number of interior collocation points was varied from 2 to 5. 

Five interior collocation points correspond to a total of 160 unknowns. 
The numbering scheme for N=2,3,4 and 5 is shown in Figures 10 to 13, 
respectively. The corner points of the blocks were not assigned any 
number ,since they did not appear in OCFE formulation of the equations. 

As shown in Figures 10 to 13, the injection well can always be 
identified as being the first interior collocation point in the increasing 
direction of both x and y. Two different locations of the production 
well were considered. In one scheme the production well was located 
diagonally opposite to the injection well. In the other scheme, the 
production well was such that the injection and the production wells were 
symmetric to the line x =0.5. (In this situation the geometry does not 
represent a five-spot). At any time, only one production and one 
injection well were considered, however, the computer program can 


handle any number of production and injection wells. 


5.3 OCFE Formulation of the Governing Equations: 
veo. CONbINULtY Equation: 
Considering Equation (5.4) and using Darcy's law, one obtains 
9 Bye PP Tg Hy (5.10) 
ox” ern FOX ay’ “pay 
For a porous medium of constant permeability, Equation (5.10) 


becomes 
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The constant 14.696764 is for dimensional consistency 


Let x' = xL (Sele) 
and y' = yW (S713) 
Here L and W are the length and the width of the formation 
under consideration and x and y are the dimensionless coordinates. 
Substituting the dimensionless quantities in Equation (5.10) 


and rearranging, one obtains 


Seam cmeOD eo teweaP a eu Oho pe quLe nt 
rte eas» eyrim Coe (ree aera K 1469676, (5.14) 
where Z = L/W (5.15) 


In Equation (5.14) only x, y and Z are dimensionless. 


Two new variables Q and w are defined such that 


Nee 
g= a (5.16a) 
k 
and 
ete (5.16b) 
Vy eS eee ‘ 
AY, 


where AXy = X41 Xk 


Ue Vicrapeln 


Applying the method of orthogonal collocation on finite 
elements to Equation (5.1), and using the new independent variables g and 


v as defined by Equation (5.16), one obtains, 
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NEX and NEY are the number of elements in x and y directions, 
respectively. NPX and NPY are the total number of collocation points 
(including boundary points) in any element kg, in the x and y directions , 
respectively. 


AX 
Multiplying Equation (5.17) by axg and letting Z*= F, 
XL 


yields, 
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At the element interboundaries the first derivative is assumed to be 


continuous leading to 
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for k=1,...NEX 
i=2,...NPX-1 
and 2=1 
A simultaneous solution of the system of equations as described by 
Equations (5.19) to (5.22) was obtained by a direct method using the LU 


decomposition technique. 
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9.3.2. Convection-Diffusion Equation 
Assuming a constant dispersion coefficient, Equation (5.8) 
can be wrriten as 
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Introducing the dimensionless quantities as given by equations (5.12) 


and (5.13), Equation (5.23) can be written as 
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Applying the method of orthogonal collocation on finite elements to 


Equation (5.24) and using the new independent variables 9 and v as given 


by Equation (5.16), one obtains 
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Substituting Equation (5.26) ints Equation (5.25), one obtains 
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where i,j, k and 2 are given by Equation (5.18). 


The boundary conditions and the element interboundary conditions 
for Equation (5.27) are similar to Equations (5.20) to (5.22) and can 
be obtained by replacing P by C. In addition the concentration was 
assumed to be zero on the entire domain at t=0. Equation (5.27) 
together with the appropriate boundary conditions, describes the 
concentration field. 

Two different methods, namely a 4th order Runge-Kutta method 
and a fully implicit method were used to solve Equation (5.27). A 
brief description of both the methods is given below. 


5.3.2.1. Runge-Kutta Method 


The k-values of the fourth order Runge-Kutta method are 
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where f (C) is the right hand side of the Equation (5.27) evaluated at 
point (X5¥5) in the element kz. 


The function value at a new time level (t+At) is given by 


ttat,k,2 _ ntokse , 7 | 
rie = Ci + 6 (k,+2k,+2k,+k, ) (5.29) 
As Equation (5.27) is satisfied only at the interior 


collocation points, it is not possible to evaluate Ky > at the physical 
boundary and the element interboundaries. Consequently ko cannot be 
evaluated. To avoid this situation, the concentration C was assumed to 
remain constant at the boundary points during the time interval At. 


In other words, k ky» k3 and ky were initially assumed to be zero at 


1)? 
these boundary points. 

Using Equations (5.28) and (5.29) the concentration at time 
(t+At) was evaluated for all interior collocation points. The 
appropriate conditions,as given by Equations (5.20) to (5.22) were 
then applied at the physical boundary and the element interboundaries at 
‘the(ttAt) level. This resulted in three equations with three unknowns. 
Simultaneous solution of these equations gave the concentration at the 
new time level. 

H3.2.2 otal Implicit Method 
The total implicit form of Equation (5.27) is given by 
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where i,j,k and 2 are given by Equation (5.18). Equation (5.30) 
provided the appropriate equations for all the interior collocation 
points. Equations (5.20) to (5.22) with P replaced by C provided the 
equations for the boundary points (both the physical and the element 
interboundary points). Thus the set of Equations (5.20) to (5.22) and 
(5.30) define the system completely. The simultaneous solution of the 
above mentioned set of equations was obtained by a direct method and the 


solution gave the concentration field at the new time level, ttAt. 


5.4 Determination of Source Term 

The source term, q, used in Equations (5.19) and (5.27) is 
the amount injected or produced in cubic centimeters per unit volume of 
the formation surrounding the well under consideration per second. It 
was converted to a more useful quantity Q which is the total amount 
injected or produced in cubic centimeters per second. Q was evaluated 
by integrating fq dV over the element under consideration using a 


quadrature approach. The following formula was used to obtain Q from q: 
Q=qwe (ay, ax.) (WL) (S) (5.31) 


where S is the thickness of the formation. The weighting factors w are 
listed in Appendix B. Ws is the weighting factor for the second 


collocation point where the injection well is located. 


5.5 Computational Scheme 


For a given initial concentration profile, Equation (5.3) 
was used to evaluate the viscosity distribution in the formation. The 
pressure was then evaluated using Equation (5.19). Equations (5.6) and 
(5.7) were then used to evaluate the oil-solvent mixture velocity at 


the collocation points, using the viscosity and the velocity field at 
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the old time level, the concentration at the new time level was 

evaluated by solving Equation (5.27). Once the concentration profile 

was known, the whole cycle was repeated for a subsequent time interval. 
The flow chart for the computation scheme is shown in 

Figure 14. Sections one and two refer to the solution scheme for 


Equations (5.19) and (5.27), respectively. 


5.6 Results and Discussion 

As stated earlier, two different locations were used for 
the production well. In one scheme the production and the injection 
wells are symmetric about the line x = 0.5. This situation will be 
referred to as ‘Configuration One'. For the other scheme the 
production and the injection wells are diagonally opposite. This 
Situation will be referred to as ‘Configuration Two'. Figure 9 shows 
both the configurations. Figures 10 to 13 show the locations of the 
production and the injection wells for N=2,3,4 and 5, respectively. 

Two different initial viscosities of the oil were used 
(100 and 10,000 cp). Initially, the oi] viscosity was assumed to be 
constant for the entire formation and pure solvent was used for 
injection. 

A list of all the physical data used in this problem is 


provided in Appendix H. 


5.6.1 Velocity Results 


Due to the nature of the boundary conditions, the continuity 
equation has an infinite number of solutions. To obtain a unique 


solution, the pressure at one collocation point was specified. The 
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pressure at all other collocation points was evaluated with respect to 

this reference pressure. The collocation points where the pressure was 
specified are shown in Figures 10 to 13 for N=2,3,4 and 5, respectively. 
The reference pressure collocation point was assumed to have a pressure 


Offa le psi. 


5.6.1.1 Configuration One 


In this configuration the production and the injection wells 
are symmetric about the line x = 0.5. Tables E.1 to E.8 refer to this 
configuration. These tables show the pressure and the velocities 
along the x and y-directions at the collocation points for N=2,3,4 and 5. 
It can be shown that when q, k, and the dimensions of the 
formation are kept constant, a change in the initial viscosity of 
the oil in the formation changes the pressure gradient between any two 
points proportionally. Therefore, the velocity at any collocation 
point is independent of the viscosity of the 011] although the pressure 
at a collocation point is a function of viscosity. Such an observation 
can be made in Tables E.1 to E.8 where two different viscosities were 
used.* Therefore in the next sections, no reference to the viscosity 
will be made while dealing with the velocities. 

Due to symmetry there is no flow in the y-direction along 
the line x = 0.5 and the pressure at the collocation points along this 
line should be the same. Tables E.] to E.8 indicate that the pressure 


at the collocation points along the line x = 0.5 are constant and 


“Tables E.1 to E.2 provide velocities for N=2 and for two different sets 
of viscosities of the oil-solvent mixture, namely, (100 and 10,000 cp). 
The velocity at any particular collocation point in both the tables is 
identical. Similar conclusions apply to Tables E.3 and E.4 (for N=3), 
Tables E.5 and E.6 (for N=4) and Table E.7 and E.8 (for N=5). 
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therefore the flow is in the x-direction only. Te check the validity 
of the numerical results presented in Tables E.1 to E.8, the velocities 
in the x-direction along the tine x = 0.5 were integrated to obtain the 
total amount of fluid crossing the line. A quadrature approach was 
utilized for the integration. The following formula was used to obtain 
the total flow rate along the Tie Xe) 
NEY NPY-1 
ion Sa ila ale) ato angi (5.32) 
Q=] j=2 NPX,j 
where w is the weighting factor obtained from Appendix B and § is the 
thickness of the formation. 
Since the fluid and the formation are incompressible and there 
is no flow in y-direction, the value of % obtained from Equation (5.32) 
Should be equal to the total solvent injection rate Q defined by 
Equation (5.31). Table 4 shows the value of Qc for the various numbers 
of interior collocation points. The value of Qc is in excellent 
agreement with the value of Q. The velocities obtained for this 
injection rate are of the order of 107” to ii cm/sec. These 
velocities compare favourably with those presented by Settari et al 


A ontOne ft/day). 


(1976) for the same injection rate (10 
Table 4 
Comparison of Evaluated and Injected Q. 
Injection rate Q = .3277 cm/sec 
Evaluated Qe Using Quadrature Approach 
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it was noted — in Chapter 4 that,for odd number of 
colfiocation points, the middle collocation point is always at 0.5. 
Therefore for elements of equal size and for two different sets of an 
odd number of collocation points, there exists at least 4 collocation 
points (at the centre of each of the 4 elements) which are identically 
located. Table 5 gives the corresponding collocation points located 


at the centre of each of the 4 elements for N=3 and 5. 


Table 5 


Collocation Point Number of the Point Located at the Centre of Each 
Element for N=3 and 5. 


Collocation 
point 
Number 


Comparison of the results at these points leads to some interesting 
conclusions. Table 6 presents the comparison of the pressures for 

N=3 and 5 at the 4 collocation points located at the centre of each 
element. The results are in excellent agreement. The slight difference 
in the values could be attributed to the fact that the injection, 


production and reference wells are not exactly at the same positions 


for the two cases. 
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Table 6 


Comparison of the Pressures at the Centre of Each Element for N=3 and 5. 


: : Viscosity 100 cp Viscosity 10,000 cp 
aerate cane 


N= 3 18 1.20366 21.36594 
N= 5 40 i 9999 20.99703 


te="3 22 . 999463 .46286 
N=5 46 .99466 .46466 
Neo 5] .63496 -35.50453 
N=5 11S .63863 = 30 viol 9d 


N= 3 39 . 84399 -14.60141 
Ne=—5 12] . 84396 -14.6055 


Figure 15 shows the directions (not magnitudes) of the resultant 
velocities at the collocation points for N=3. These velocities were 
taken from Table E.3. As expected, the general direction of the 


velocity profile is towards the production well. 
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FIGURE 15. 


Configuration One: Direction of the Resultant 
Velocities for N=3 
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9.6.1.2 Configuration Two 
In this configuration the production and the injection 
wells are diagonally opposite. The diagonal joining of the two wells 


becomes the symmetry line (Figure 16). 


FIGURE 16. 


Tabulation of the pressures and the velocities at the 
collocation points for various N are given in Tables E.9 to E.16. Any 
two collocation points which are symmetrically located with respect to 
the line of symmetry should have the same pressure. An examination 
of Tables E.9 to E.16 indicates that the pressure at corresponding 
points is the same. Moreover, any two symmetrically located collocation 
points also exchange velocity components, i.e. the x-velocity component 
at one collocation point becomes the y-velocity component at the 
corresponding symmetric collocation point and vice versa. Furthermore 
any collocation point on any of the two diagonals has identical velocity 


components. This means that the direction of the velocity is parallel 
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to the line of symmetry. This flow pattern is expected for this type 
of configuration when the mobility ratio (K,/u) is constant throughout 
the formation. Figure 17 shows the directions (not magnitudes) of 
resultant velocities at the collocation points for N=3. These 


velocities were taken from Table E.11. 


5.6.2 Concentration Results 

The orthogonal collocation on finite element formulation of 
the convection-diffusion equation is given by Equation (5.27). Two 
different dispersion coefficients were used (K,=0.0001075 and 0.01075 
cm?/s ). Pure solvent was injected through the injection well. 
Initial concentration of the solvent was assumed to be zero for the 
entire formation. 

The set of first order differential equations obtained 
from Equation (5.27) together with the boundary conditions were solved 
using two different methods of solution, namely the Runge-Kutta method 
and the Total Implicit method. Unrealistic concentration profiles 
were obtained from both the methods of solution. The tables of 
Appendix Ftpresent the concentration profiles obtained from both the 
methods of solution. 

a 

Tables F.1 to F.4 refer to ‘Configuration One'. Tables F.1 and F.2 
present concentration profiles for N=3 and Kp = 0.0001075 and 0.01075 
cm2/s respectively. Tables F.3 and F.4 present concentration profiles 
for N=5 and Kp = .0001075 and .01075 cm@/s, respectively. Tables F.5 
to F.8 refer to 'Configuration Two' Tables F.5 and F.6 show the 
concentration profiles for N=3 and kK .0001075 and 0.01075 cm2/s, 


respectively. Tables F.7 and F.8 provide, the concentration profiles 
for N=5 and Kp = 0.0001075 and 0.01075 cm é/s, respectively. 
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FIGURE 17. 


Configuration Two: Direction of the Resultant 
Velocities for N=3 
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ee, the completion of the first iteration, negative values 
of concentration at several collocation points were obtained. Such 
negative values of solvent concentration are physically unrealistic. 
However, these negative concentrations do satisfy the convection - 
diffusion equation as is shown for two different cases (N=3 and 5) in 
Appendix G. Also an increase in the number of interior collocation 
points from 3 to 5 does not improve the concentration profile. 

The fourth order Runge-Kutta method of integration was first 
used to solve Equation (5.27). It was suspected that the negative 


values of concentration were due to the method of solution since the 


Runge-Kutta method is a single step explicit method. A Total Implicit 


method was then used to solve all the equations simultaneously. 
However, no realistic profile could be obtained and indeed the two 
methods gave approximately the same values of concentration at the 
collocation points. (See Tables F.1 to F.8). 

To increase the effect of the diffusion terms, a large value 
of Ky was also used (Kp = 0.01075 cm2/s). Tables F.2 to F.4 for 
‘Configuration One' and Tables F.6 to F.8 for ‘Configuration Two' 
present results for Kp = 0.01075 cm2/sec. However, such an increase in 
Kp did not give a realistic concentration profile. 

It was thought that the negative values of concentration 
could be due to initial instability of the numerical method. It was 
hoped that after a few time steps a realistic concentration profile 
would be obtained. A number of time steps were used but no realistic 
profile could be obtained. Some other schemes were tried to obtain a 


realistic profile. The important schemes attempted are listed below. 
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ji AL the end of one: complete time step all the negative values 
of concentration were equated to zero. Such a method ensured that no 
negative value of concentration was used in the determination of the 
viscosity from Equation (5.3). A few time steps were made using this 


approach without any success 


2. It was found that the negative values of concentration at the 
boundaries were mainly caused by the continuity of the first derivative 
condition at the element interboundaries. To check the negative values 
of concentration at the two physical boundaries (i.e. at x = 1 and y = 1) 
different boundary conditions were used. The concentration at these two 
boundaries was assumed to be zero. Such alternative boundary conditions 
are justified since there is practically no change in the concentration 
for a large period of time at these two physical boundaries. This 
approachsalthough removed the negative values of the concentration 
from the boundaries did not give a realistic concentration profile. 

The various schemes described above gave some insight into the 
method of orthogonal collocation on finite elements. Since only two 
elements were used in each direction, there was only one element 
interboundary per direction. When the continuity of the first 
derivative was imposed on such an element interboundary, the resulting 
equations contained the values of concentration of the collocation 
points situated on the two opposite physical boundaries. Since there 
is a considerable difference in the concentration change between any 
two end points in one direction, only two elements per direction are 
not sufficient to accommodate the large concentration gradient in the 


formation. A better approximation of the physical situation could be 
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achieved by eae: number of elements. However, extremely high 
computational demands prevented the use of a larger number of elements. 
On further increasing the diffusion coefficient to 
1.075 cm2/s, the negative concentration values disappeared and a 
solution was obtained for a total of 50 time steps for N=3. A contour 
for the concentration profile after the 50 time steps is shown in 
Figure 18. The concentration profile was found to be insensitive to 
the location of the production well. The concentration profile was 
always symmetric about the line x=y. Therefore, this type of a profile 
indicates that the effect of the convection terms in the convection 
diffusion equation is negligible and for a large value of the diffusion 
coefficient, the convection-diffusion equation degenerates to a diffusion 


equation. 
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Concentration = contour value * 10 


FIGURE 18. Contour for Concentration Profile After 50 Time 
Steps for K) = 1.075 cm*/s 
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CHAPTER 6 
CONCLUSION AND RECOMMENDATION 


6.1 Conclusion: 
6.1.1 Finned Tube Problem 
The results indicate that the OCFE method on the basis of 
equivalent number of interior collocation points is superior to the 
finite-difference method. However, the finite difference approach is 
Simple to apply and the advantage gained by using the OCFE method is 
lost in the relatively greater programming complexity of the method 
and its higher computational cost. 
6.1.2 Porous Media Problem 
Solution of the continuity equation provided excellent mass 
conservation. However, realistic concentration profiles from the 
convection-diffusion equation could be generated only for a very high 


value of the diffusion coefficient. 


6.2 Recommendation: 

In any future work on the convection-diffusion equation, 
more elements in each direction should be used. 

It is recommended that in any future simulation of porous 
media problems using the OCFE method, a better algorithm should be 
developed to minimize the extraneous zeros introduced in the matrix. 
Such an algorithm would permit the use of a larger number of elements 


and collocation points at a lesser computational cost. 
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APPENDIX A 


Computer Program to Generate Matrices A, B and w. 
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The accompariying computer program generates matrices for 
the orthogonal collocation method for a general polynomial approximation 
satisfying Equation (3.13a).The first and the second derivative 
approximations are represented by A and B matrices, respectively. The 
program can be used for up to 18 interior collocation points. With 
minor modifications it can be used for any number of collocation points. 
Appendix B contains the tabulation of the matrices up to 10 interior 
collocation points. Double precision arithmetic was used to insure a 


high accuracy. 
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MATRICES FOR THE METHOD OF ORTHOGONAL COLLOCATION 


{GENERAL POLYNOMIAL APPROXIMATION) 


ase a ae eae see ee ae a a ae ae ee ae a a a a a a a a a a a a a = = ee 


20 


40 


a a 


THE PROGRASB USES SUBROUTINE MINV WHICH IS AVAILABLE 
IN THE SSP LIBEARY. 


INPUT DATA REQUIRED 
1. TOTAL NUMBER OF INTERIOR COLLOCATION POINTS. 
2. COLLOCATION ABSCISSAS. 


Nz THE NUMBER OF INTERIOR COLLOCATION POINTS 
X 3s COLLOCATION ABSCISSAS : 


IMPLICIT REAL * 8(A - H, O - Z), INTEGER(I - N) 
DIMENSION: O20 920)'4 P2021 20) 5.2020) ee WC, 20), (20), 8 (20), Ort 


£20, 20), C(20, 20), F(1, 20), ¥(50), A(20, 20), B(20, 20). D(20, 
&20) 


READ THE NUMBER OF INTERIOR COLLOCATION POINTS 


READ (5,140) B 
WRITE (6,170) 
N2=N + 2 
WRITE (6,260) # 


READ THES COLLOCATION ABSCISSAS 


READ (5,130) (X(I), I = 1, N2) 
DO 2004) =) 15+ NP 

pO 20 3 = 1, N2 

TF (X10) ©. De ME =940)" GO? TO: 10 


Oe pee) ee a Ee (Te 1) 

C(d ely e= (tenet * (XJ) e* (F >= 2) ) 

UCT et) orf ye Feet 2) CX Oh ee CL 3)) 
GO TO 20 

Oid, I} = 0.D0 

Q(T.) 4) = 71.D0 

C(J,. I) = 0.D0 

CXS hee eee TED 

Dig, I} = 0.D0 

D(d 83) 82 2600 


CONTINUE 

WRITE (6,210) 

DO 30 IJ = 1, ¥2 

WRITE (6,120) (Q(IdJ, K), K = 1, N2) 


CORTINUE 
DO 40 I = 1, N2 
pO 40 J = 1, H2 


K=1I+¢N2 * (J = 1) 
V(K) = Q(I. J) 
CONTINUE 
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SUBROUTINE MINV CALCULATES MATRIX INVERSE 


CALL MINV(V, N2, DET, L, 4M) 
DOuS Up le=e laut 

DO 50 J = 1, N2 

Ru=.1,* N2 * (J ="4)" 

QIi(iI, J) = V{K) 

CONTINUE 

WRITE (6,220) 

DO VE0niL d= al, N2 

WRITE (6,120) (QI(IJ, K), K 
CONTINUE 

ZI = 0.D0 

DOPT0 LT n=) 1, BR? 

71 = ZI + 1.D0 

€(t,0rd) = 1200.7) Zt 
CONTINUE 

WRITE (6,230) 

WRITE (6,150) (F(1, II), II = 1, N2) 
WRITE (6,240) 

DO 80 Ig = 1, N2 

WRITE (6,120) (C(Id, K), K 
CONTINUE 

WRITE (6,250) 

DO 90 IJ = 1, N2 

WRITE (6,120) (D(IJ, K), K = 1, N2) 
CONTINUE 

CALL MMPL(C, OI, A, N2, N2, N2) 
CALL MMPL(D, QI, B, N2, N2, N2) 
GALT MELN (Es (OT, We ily 2, No) 
WRITE (6,180) 
BRITE (6,150) (#(1, J), J = 1, N2) 
WRITE (6,190) 

DO 100 IJ = 1, N2 


1, N2) 


1, N2) 


WRITE (6,160) (A(IJ. K), K = 1, N2) 
CONTINUE 

WRITE (6,200) 

DO 110 IJ = t, ¥2 

WRITE (6,160) (B(IJ, K), K = 1, N2) 
CONTINUE 

STOP 


FORMAT (8F15.6) 
FORMAT (D12.10) 
FORMAT (I2) 

FORMAT (F10.6) 
FORMAT (8F15.6) 
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FORMAT ({ / /, *ORTHOGONAL COLLOCATION METHOD', / / ) 

FORMAT ( / /, “VECTOR W*, / ) 

FORMAT ( / /, “MATRIX A*, / ) 

FORMAT ( / f, "MATRIX BY, y ) 

FORMAT (* Q ee yo) 

FORMAT ( / /e ‘INVERSE OF Q MATRIX", / ) 

FORMAT ( / fi ‘VECTOR F', / ) 

FORMAT (./ /, "MATRIX C*, / ) 

FORMAT ( / /, "MATRIX D*, / ) 

FORMAT ( / /, ‘NUMBER OF INTERIOR COLLOOCATION POINTS = *, I2, / ) 
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SUBROUTINE MMPL(A, B, C, L, M, ¥) 

IMPLICIT REAL * 8(A - H, O - Z), INTEGER(I - N) 
DIMENSION A(20, 20), B(20, 20), C(20, 20) 
DO'20°31= 1, 

DO 20 1 
C(t.) 
DO 10 K 
C(r 3) 
CONTINUE 
CONTINUE 
RETURN 
END 


Le | 
oO 
e 
o 
oO 


C{2, 3) #7 (1,0 K)P 298 (kK, 0) 


SUBROUTINE MPLM(A, B, C, Ly 4M, N) 
IMPLICIT REAL * 8(A - H, O - Z), INTEGER(I - N) 
DIMENSION A(1, 20), B(20, 20), C(1, 20) 


DOL208 0 =. 1,05 

C(1, J) = 0.-D0 

DO. 10) Ki #12 eM 1: 

C(1, J) = C(1, J) + A(1, K) * B(K, J) 
CONTINUE 

CONTINUE 

RETURN 


END 
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APPENDIX B 


Tabulation of Matrices A, B and w. 


84 


- - > if 
t 
» : ae 7 
a 
ae | : 
7 a 


ccs) 


‘ 
J 


w baa OA enotgal Meiaitelydet +) 4% 


iN 


7 


85 


000000°h 
000000°h 
000000°h 


000000°E 
000000°t 
000000 °L- 


000000°8- 
000000°8- 
000000°8- 


000000 °t- 
0°0 
000000°t 


000000 °h 
000000 “4 
000000 °t 


qd XIULVW 


000000°L 
000000 *L- 
000000 “E- 


V XIYLVW 
L9999L°0 


£99999°0 
L9999L°0O 


(JOLOVI ONILHSIGM) A YOLIAA 


L =SZLNIOd NOILWOSOTTIOD YOTYTINI JO aXAWAN 


_ 


an a ay 


a 


> > : 7 — a, 
of eBENINE EOITAIOLIOS TOTTET to 8 


\ 


@OPDAT SUITHALES) « ROTISE 
mT eet os 5 - FESO Oo ; 


T39a598 0 
T4d20'.@ 


4, Tiree 


/ 
‘eh | 
medodo.r= ' BHO006 . 6 08000 .£- 7 
“Y QUDORA st 3060 900000 .f> | - 
- 290 000.1 eGngcy.B- a Poo? ot = ; - 
a a 4 SLSPAL 
| 0¢6046.0 "90000 .6- spodeo .b 
Oe7O00 . a 590000. 2- Goo0dd .4 - 
HOneps.4 og0000.8- 5002 


86 


000000 °tz 
SOEC6E “OL 
SOEC6E “th 
000000°ZL— 


000000 °z 
PSOCE Lac 
LSOZEL*O- 
000000 °L 


SL69LL°*LE- 
000000°tZ- 
000000°ZL 
GL69LL°SZ 


CSLO6L °B8- 
LSOCEL*L- 
LSOZEL*L 

CGSLIG6L°Z- 


= SENIOd NOILWIOTTOD YHOTYAT INI 


SL69LL "SZ 
000000°ZL 
000000°tz- 
SL69ZLL “LE- 


CSLO6L°Z 
LSOZEL*L- 
LSOCEL*L 
CSL9O6L°8 


000000 °ZL- 
SOE CGE "h- 
SOECG6E “OL 
000000 °hz 


qd XIYLVW 


000000 *L- 
LSOZEL “0 
LSOCEL °Z- 
000000 °*L- 


Y XIYLVW 


000000 °0- 
00000S°0 
00000S*0 
000000°0- 


(JOLOVI ONTLHOTIM) A YOLOTA 


JO dat qWwon 


Cuugse.tt- 
ades ct .?- 
@HES CE a! 
H60000 .#* 


/ 
3 


serset .t- 
f POEs «Ff 

reaocet.t- 
C2 ae? .S- 


ereart t's 
eT i (365.81 
S2eaTe e.- 


arfarT.vi-= 


i 


st 


FreD0a0 moraared % ‘aaa. 


ecyoel .f 
greOcet.3 
r=O5Et.f 


Céteezr.s 


Ereett .té- 


SOageoo So. #3," 
p29000.S! 


~ 


eTFoay i B 


=o c 


“(oro oniEaAH) “ ner 


o0t0C2.3- 
enedhe 
o50002.0 
900060.0- 


i SETTAS 


coo0co0 -* 7 
PeOSET a> oe 
TEDCEY «@ : 
590000.F= 

& yraTes 


87 


000000°t8 
OOSLEC CS 
000000°9- 
OOLZC9L*9 

000000 °tz 


O00000°EL 
O6LETEGS 
00000S°L- 
04L729L9°0 
000000°L- 


LOLE90°?%CL- 


CECEEE “EL— 
£99999°91 

BECEEE Et E= 
O0SE09 “hth 


9OE8BL*hHL- 
E867L8 “E- 
SONLCC cf 
n66062 “L- 
LOEBLB ML 


£99999°8S 
£99999°9Z2 
BeCee Ce ae 
£99999 92 
£99999°8S 


£99999°Z 
L6SS90°Z= 
000000°0= 
L6SS90°2 
£99999 °Z= 


O0SE09 “th- 
EE CECE" EL— 
£99999 °9L 

EECECE “EL= 
LOLE9D0"7ZL- 


LOEBLB"L- 
66062 °L 
9BNLCEZ “ER 
ER6CL Bae 
S9OESSL HL 


000000 “hz 
OOLZ9L °9 
000000 *9- 
OO6LEZ "EG 
000000 °te 


qd XIYLVW 


000000°L 
OLZ9L9°0- 
00000S *L 
O6LECE °S- 
000000°EL- 


VY XIYLVW 


000000°0 
BLLLLZ°O 
hththhh°o 
SELLEC =O 
000000°0 


(SOLOVA ONILHSTAN) M YOLIAA 


= SENIOd NOILVYDOTTOD YOINTINI ago Ya dWON 


-_ oorcar.4 
= GOeCUC .o- 
=.= 9 Spetes.t- 
oo a H96600 .35 


eacete.T 
1 pevOct .t- 
weetssst 
eSec te .£- 
SOELSET .4 17> 


7o2tis « ¥v 2 
EGCELE 

farses. ai 
eEftece .f* 


a Se oe Be 


Tarede.s5? 


ne —— 


© PTUIOT BOTTA 


si 


¥aaaee .s- 
5ée"60.% 
gC eens -v 
re PP eOct 
Taawes -t 


(a3088 -8c 
fac a2 as 
EEECEC LFS 
Tad040.3* 
149934 Be 


= 
== 


a = i 
Cm aw 


» & 


QOTIAT DETTARER}” vw AOTEE - 


um 
es 


rae 
> @ 


“oO 


a ee 
a“ rae ” o4 oH 


*\ 
7 


i 


2 


wr 


| 


’ 


ma HA Se 


201109 @OISETES SO HIGH” 


—~ 


980000.0 
evTers.6 
| #eASea gO 
artcre.6 
009190 <6 


~ 


& 2L0TER 


26603 EF = 
OZTECE .Z- 
sedoee .! 
srt ®.-9- 
00007555 


uy Fiaran 


og71<35..4 
HoG000 .¥> 


88 


000000°02Z 
LC8E9B°SEL 
LSHS87°LL— 
nhhLess*s 

NMLLLEL°OL- 
000000 °0t- 


000000°LZ 
YVOESLE*S 
OSCS6f °c 
IS06CC=L 
026059 °0- 
O000000°L 


6GSEB6L"LLE- 
NLI6GCOTESL— 
RGECOE LE 
€90LS6°OL- 
BSCHLL SL 
SB8LL9OZ°OL 


nhhoes°Eez— 
000899°9- 
CCBHBL NS 
ESS6nC 7c— 
O9SCLOL°L 
CCLEOL*L= 


SOLES OsCoL 
OSE6S9°6S 
9CE0LE°9E- 
CHLGTB"LZ 
LHSO0ECS “0c— 
L8S9LZL °OL- 


9L86L9°E 
Leno ne *z- 
6Z889L°0- 
OMEL HG °Z 
ZOHZETL- 
nSSZLB°L 


L8S9LL°OL- 
LHIDES °07- 
CHLSZTB°LT 
9CEOLEG°9E- 
OSE6S9°6S 
SSTESCGCOL 


NSSCLBE°L= 
CINCECAL 
OHELHE°C— 
67889L°0 
L8ndns°zc 
ILEGLI “EF — 


HELLOC POL 
CSch base 
E90LS6°OL- 
NS ECC oe ebe 
nhL96CO°ESL- 
6SEBE6L°LLE- 


CONeTL. t 
ISCLo lS e= 
€S96NC °C 
CZSHEL °G— 
00099°9 
hh nd0e9°EZ 


000000 °On- 
HLLZEL °OL— 
HhlL8Ssrs 

LSnHS8Z “LL— 
I78E9B°SEL 
000000°02Z 


d@ XIYLVW 


000000 “L- 
0246S9°0 
950600 "f= 
OSZS6h °Z 
AVE STS Vdd Bost to 
000000 °tz- 


VY XIGLWW 


000000 "0- 
LCOELL*O 
ELO9cE =O 
EL0SCE 0 
CCOECT.A0 
000000 °0- 


(JOLOWI ONILHSIAM) M YOLDAA 


= SENIOd NOTLVYSOTTION YOLYTINI JO YAAWAN 


yi. Bi owdl : : - 7 7 = 


> 


; y= 27NIb5 HOFTAOOIIO> BOTERTET YO WEEP 
Z : ? © en ee ho : 


moraeg QATSEM EE) ¥ 


PELTED «i ataets.f- #6 805 def o2n000 f=. i 
caecect= - reales. etGlea.? pony eg vs 
Geet eect cLshert 0 ccnfat > aaa ae | 
ekeeett- fered .t- C2368) .& esa¢ss it~ — 


> 7 
faaoyo.t- Padeet .t sategt 5 = otenee.¢ 
ay eet 3.F arecrk t+ C= FEST g! egnts6 .T- 


GS SESTAR 


26T rst .Ge recgar* et CCtt= «kt! eateer., tte p60000,.084 
Be@cetr er reaG*< .0T- 0 Seresast- pt se.0.Gs!l- S850 2b? 
tagréec .bT- Cayerc 7s ECEte.d&- eereic.is regtas.tt= 
BPPESSS.° 2 Secetrc .at- etece «ts Laarzy? ef - revect .t 

avacso . zat OF ga ,42 PeStLa. gL Secetr .oi PrITLT .oF= 
CAERe. I Tt= scr ce (4) rseary i eet? es .OT Gob 200 . ge" 


89 


000000°08h 
BEOSLE°Z6Z 
9ZLAZO°LZ = 
00000S°L 
OBZLOE*9=- 
8969 ho ht 
000000°09 


O00000°LE 
b60960°EL 
9SLZE LE 
OOOSLA°L 

7C9BL EL 
SLShHh9°0 

000000°L- 


SBEBI6 TLLIN- 
6E607h°06E- 
NLBILB°6S 

NMholLg9B* fl 
LSZLOZ PEL 

HLLZO08°hZ—- 
OO06h0E °Z0L- 


nZL669°hE- 
LBOHEL °OL- 
9LESZT9O°L 
NSOB9IE °E= 
THSOH6 Lt 
MESEOL*t— 
Hesloc-t 


906 9hHE 897 
ShHL6EB° OTL 
S6ETL6°99- 
LLLEEO°OE 
O9LLES°ZL~ 
9Shb6nl °c? 
ctL6S9°68 


BLGLEO’S 
6ZLO6LB“E=- 
SO0LIIS* T= 
BSOENO°h 
9LELSB“L= 
8LSL86°0 
cChH6OS“L= 


EEEEEL ETL = 


n6 hL69 °SE~ 
HS5nL69°SE 
EELEEE °Sh- 
n6tLEI°Se 
honleg9 °Se- 
CEEEEL “ETL ~ 


EIStEStal § eAce 
6L29HO°L 
OSLCLh°E= 
000000°0 
OStZih-E 
6L79 hh “b= 
SECC ERS 


ZLL6S9°68 
9Sn6hL°ce 
OOLLES*Zi- 
LLLEEO°OE 
SOECLE"99— 
Strees-ozt 
90569nE°H9Z 


e7no0S “bt 
81S186°0- 
OLLLSB*E 
BSOCHO"h= 
9OL9OLS“E 
6CL6LB°E 
BLSLEOD°S= 


668hOE *ZOL= 
HELZOB he 
L3ZL92 "LL 

mh0L9d°ht- 
bLB9LG°6S 

BEES °O5E= 
SREBS6°LLI- 


NBGLOL-L- 
HESEOL TR 

THOOhHE “b= 
ASOT Ss 

OUTS CO SL ~ 
LgOne: OL 
h2L669°hKE 


006050 °69 
B959Lm hE 
OB CLOE °9- 
00G09S *zL 
9tLnZ0°*LZ= 
LeOsto-Zed 
666666 “62 


A XYadLVwW 


00YCI0 "Lh 
9LSnh9°0- 
ZZ96LL wb 
000GL3 “te 
9SLZeL°E 
160350 °EL= 
CO0CIO*LE= 


WY XTALYR 


00C00C°0 
CInBiL°o 
RLESE? °O 
nhhnnsc*d 
HLEGET "CG 
EIMNsit"oO 
00C000°0 


(QOL9¥2 ONTLHOTAs) A dOLDZA 


S$ = SENTOd AOILYSOITOS ACIUZIAY ao wiawon 


2SarCr.) > 


Sr+Fer «e@ 


ater (te 


‘Ser iet.* 
Scr .t~ 


5% 04.8= 
S77: (0-2 


ba 


c7-ecet Wat 
pest ox.te- 
+7PeCs ft 
(4 ¢asl ct 
Sf7T EP W.ct 
p¢€ ea..2-~ 
Gf ects .4tt 


0144 4 > 
+$tota 
afi 4fe .? 
as 6e | 
tS se | 
Serpst,4- 
| ee 


4 


S21 2th sf 
tpeect ot 


2 2544 -3= 


e° Det .£ 
“baee t= 
=a ere? 
267% 


‘ . 
situ es 
et— ete 
eegvas.ét- 
© St pS F 


y= 


HOS TE eh 
ereret.e 
y 


VyeO 
€peq’?.d 
cane S-_ + 


+ ¢Stee 


(tee, 18 -..— 


tt 
az? 


tis .8? > 


ey ot 


CCl FS7 Pi 
Cobre of 
B2aes 
Peay ./ 


90 


000000 °#26 
999022°09S 
OSLSS0°LE= 
hoshee bse 
n8LSl8°9~- 
6CCLSS LE 
600LLS°6i- 
000000°tB8= 


000000°Eb 
HBCLLT°BL 
NICObelS= 
BE69E9°S 
676079 °tL— 
S0EE90 TL 
EOLBE9°O- 
000000°t 


E9SS9S *hOZL—- 
SLLZES*ThL— 
HBL900°90L 
LEMNBT*7Z— 
LBLOOE ZL 
OLLLH6°ZL= 
ELELS6°ZE 
ES9LSL°OnL 


191686 "Lth- 
nS906Z2 "hb ~ 
SCSLSS°OL 
EZTLB8I“h— 
CBELLL “2 
SLé6S6L°L= 
LZnclLO°k 
LlLOLZ9°L= 


LELBLE6°SEh 
SOL02Z °EZZ 
L866EE°9LL= 
OLNELH°Sh 
LOLLBL°Ei- 
L8BLe9°LL 
L6EnIS* Loe 
SLOLS6°ELL= 


Shths9°9 
N96LSL°S- 
SO0l6hE°?— 
6hE6LE°S 
AS CKAS SES 
OBETLS "EL 
9L69LB°0- 
6LLEQE ML 


B8SL067"LIZ— 
656798 °09- 
L6L6L6°8S 
NO6LLE “S9— 
ast ASIENS. CYS 
Walces "Lt 
OELESBS°EE 
OLCSOEL EEL 


HLLOLO° SH 
LHOcdd"t 
SLBEOL “h- 
€S090S°0- 
BLLOE6i*h 
OLnSS6°L- 
CO0e6n0*b 
L6nB805°L— 


9LZ9EL “EEL 
O€LE6S°EE 
NBLTBB "Lt 
QHLOSE°6E 
hOGL LE °So- 
L6L626°8S 
656798 °0S9- 
89LOG6? PL EZ 


L6n809°L 
S066h0 “L- 
OLnHSS6°t 
BLLO6L “*h- 
€5090S "0 
SLEESL °h 
bLHOcle°L= 
HLL9Lg°z% 


GLOLS6°CLL— 
L6En97°LE~ 
L6GLB9O°LE 
L9OLLBL°EL = 
OLTELH Sh 
LB66CE-9LL- 
SOLOZ2 "E7Z 
9BLB8L6°S6H 


6LLE9E“L= 
916928°0 
OBL CLS *t= 
9ZE 97S °Z 
6hEBLE°S= 
SOL6HE°? 
HI6LSE’S 
Shths9°oe 


fE9ISL°Om 
E€LELS6°ZE 
CLLLNS5 ° CL 
L3L00E°SL 
L39tel°7~ 
hO2L900°90L 
Stbc82°Chi- 
Z9GS9S “hBZbL= 


tLoccs7t 
S2nZi0 "te 
SL6S62°t 


SB6LLL°Z— 


ETLER9"h 
acGtSS°Ot- 
9S 9062 "Ht 
tOLE86°Lh 


000000 °n8- 
600 24S °6L— 
627LS5 °L 
HWBrSlLe-ge 
hosnei Lb 
OSLSS0°LE- 
995022 °09S 
000000°n26 


a xATGLYW 


000000 °t- 
COLBE9°O 
90EEI0 ML 
676079 °L 
BE59E9 °Z= 
NOLELS °S 
NOCLLe°St= 
000000 °th- 


Y XIdlvw 


0000C0°C 
799580°0 
18£08:°O 
LGOEETO 
LSGCEZ“O 
L8c08ti°O 
€99560°0 
000000°0- 


(SOLIVI ONILHSTAAK) A 4OLDAA 


= SLAYOd NKOITLZ30%7109 YOLATINI 40 ddanan 


< 


ce 7 
oe 


‘e 


, 


: | &@ © TEIOO susEe2Oc 6) HEINE TEE Wh 1f em 


Picrenat aniyuieee) © corse 


a¢@s Ps.4) i eavaes gt! d a 

HH PCIE Bite? et 4 rue ™ 27 yh Nes 1 64 2 

1eeres At er bog, 0% ET9T 16 tod ‘COC oarl ilk oe, sald a. is? 

pitat.u es( ees ef IG Oe 1 rat y acnve? of 

ot erte.te 00? 64 .f4- a exe. @ (prert Al - (oes eahok ig 

1 peety.bee- ewer d 4a? éa71:@ 1% as b.«98 TceE iJ ver rP? ,} 

Coteegel te tories .co QLIeey «<4 (ries , oe o2F 154 qupive..% 
$6224 .404 1° cateretes goer e-. Orin) <r" Tienes Sead, gaat of erbed? , ot- 


91 


LOLEBE°LHeT— 
LL799L°H6ZL— 


6b6LB0°LLL 
OcOSLL°EE- 
L68n69°SL 
L9ELLZ*2L= 
O90SSE°SL 
S8LShS°th— 
6n9S09°SBL= 


LOLBb6hn°E9= 
SOESEL°6L- 
O88h96°EL 
Embe~7Z°9- 
BEOHZL°E 
LeEn6n°Z- 
BO9MLL “A 
bZ9ESO°L= 
9961S9°4 


666588 “6 ht 


Lhhizs°7ee 
SLS66L°Z76L— 


LEnZL2°69 
Sn96EL LL 
OLShEO*LE 
SZSE7TS °7L— 
LhO69L EE 
SL8L00°Ent 


19192978 
609LN9I"9= 
LELHEZ°E = 
61n9n6°9 
ST9BBZ°E = 
ZOEZEO °Z 
L9SBhHE“L= 
h61L9L8°0 
6HZ087Z°L = 


TIBLHZ °SHE= 


9600Zh °66- 
6069S °h6 


607hEO"L6=- 
B8HLHEL°OS 
O6ZLE6°9L— 
SBLE90°SL 
ELEG00°9E= 
L9000Z"LSt= 


Z9SOLZ°E~ 
Z9SBLL°Z 
9ELOLL *S- 
LhLiL6*0~ 
LOLESL*S 
h66E9n°Z~ 
n90S6h*h 
S8hELB*0- 
99Z09E°L 


LSOZhHL°L Oz 


016099°0S 
L9080S°97- 


£66009°SS 
000000°08- 
466009°SS 
t9080S°97— 
0t609970S 
LSBZHi°LOz 


LLsezer4 
O8EZ6L “L- 
6007L7°?% 
LOLZLL “he 
000000°0 
LILZLL°h 
6007LZ°Z— 
OBEz6L“L 
LLGBZB"L= 


b9000C "LoL 
ELE600°9E- 
S8LE90°SL 
O6ZLE6°9L=- 
BnLh6L°Os 
607 E0°L6- 
6069S °u6 
96007n°66=- 
798L He °ShE= 


99TOSE “La= 
S8hELB°O 
n90S6H°L= 
N66E 9n°? 
LOLESL°S= 
LhLtl6°0 
DELOLE'S 
Z9SB LL °T- 
Z9SBLZ"E 


SLELOO°EHL 
LHOB9L°EE 
SZSEZS°ZL- 
OLShHEO°LE 
SH9I6EL “LL 
t8nZLZ°69 
GSLS66L °Z6L— 
Lhhtcs "cee 


666988 °6n8 


6nZ087°4 
H6L9LB°O- 
L9OSB8hHE“L 
COETEO *Z— 
SZ98 BZ °E 
6LnIhE"I- 
LELN6? E 
6092n9°9 
L9L9Z25°B8- 


609509 °S8L=- 
S8LShS "Zh 
O90SSE°St 
LOELLZ Zt 
L68n69 "Si 
OZO0SIL°EE- 
6H6LB0*LLL 
EL799L °HSZL— 


LILES6*LHZZ— 


S96LS9°E~ 
LZ9ESO°L 
SOSWLE*L= 
thEh6h °Z 
BEONTL*E= 
EhLLZZ°9 
08895 °ElL- 
SIESEL “Gt 
LOL8b6h°ED 


700000 °HZ9L 
000000 °ZtLL 
ThHBOBL°OBE 
L€9809°Sc 
hEEOBI*LI- 
89CnHSL 6+ 
8098S28°9L 
HBGNTL°L 
0000S¢ “8- 
0000SL "8- 
MBENZL°L 
BOS8S3°9L 
B9CNGL “b= 
hEEOBITLI= 
t€9809°SZ 
ene 08d °O86 
000000 °ZLL 
f00000 "hZ9L 


@ XIdLvw 


000000 °z2S 
0290000°1t 
SESLEE HZ 
LS0SE9 °0- 
£90 4bn6°9= 
9SLOEOD*S 
9S5n02S °E 
SGBLBY “te 
O0SZBI °Ze 
OOSLBL °?% 
SSRI OMe: 
9507S “E= 
OSLOED Ti = 
S90Lh6°9 
L£S0S€9°O 
SEELCE “hZ— 
000009 *1- 
000000 °zS- 


¥ XIulve 


900000°9- 
Znih90°O 
SESE te, 
SLS061L °O 
086897°0 
St606L °O 
ESBEEL“O 
Zning0°O 
900000°0- 


(HOLI¥” ONTLHSTas) a dOLIAA 


£ = SENIOd ROILEDOTIOD YOTHAINI ao Bqadhon 


| everett 
— geyere.ee= 
i eT 


——— 563K -tFT! - 
= ea Mier 7 253 ~ 
<a ae 


y = greree.233 


ceoesr cc 


Str: Pst 


“reece. 


heeeit TF 
teF5ttePs 
eeeees .f<t- 
(sri sees 


TELS EP: 


¢upyes..?77 - 
tr¢zoo.2t- 
PetL oo +2! 
ceir<ce 3f- 
set eet .02 
©bpet4 .Te- 
e6fejc .7? 
ev bese.ve- 


Laetet..<et~ 


1e"* .*> 
ea 2 


feet2? iS 


eee Se 


iat! .ve- 


SeSCOs .75 


Paeet. 24> 


. Camnt? t- 


~~ 


tanstte 


. r= ae. 


gciprt 2 peroet< 


*#Ti, 08: 


pn 61; @6¢2 .2- 
phrtet)=- rf lie 
ever tt $F 530.8 
feBer Bat pa 2807 ~f 
faorts.« yer (ts 
Betres.t- . 04 28s .£ 
Seer e ce ® 
i a = Hc 
FRE § ee P= 
Saves .F << 
ao" par ct - 
no s¢ = i ws t 
ee a | Tia? -s? 
2 2? ef ‘ 
‘ eyareée@ ter 


tetire ta 
ebtase .t? 
Mess? .k{ > 
easier .* 


ag. pf|e? _¢ 


- S@EPP).1 


rosel} 2 
ei fe. 


aere2eel- 


eare gt “sag 
That err 
+90) 3,- it? 
waeettc4- 


(F314 2" 


oI 


LESDZO°LLEL 
69EHOL°LLID 
OLEEHL “COE 
96008S “EOL 


6LL6E6°ES— 
LOS6LS°ZL 
eZS679°OL= 
9enooL ent 
On6E 07 °Oh— 
€9906S “9LL=- 


'Z67S8 "Ob 
LS9Z9E B= 
Zhhl 9E°h= 
8S6bhL°a 
LSSESL “th 
£€0886S °Z 
CS9ZBL°L- 
OE7TSST*L 
n7BBLl°O=- 


HSZ8eez rb 


LH6EEB °6ES— 
60978 h*SSL—- 
LUSLLL°9nt 

TEEOLE°eht= 


001889°89 
LEnSOH-6L- 
OLGL9L°ZE 
OLLHE6*hL= 
9O0CLEH°*Ch 
6SE900°SLL 


BLShZ6°E= 
691559 °% 
h6LhZZ°9—- 
LuUezsnet= 
Lencse°9 
S8hledo°e— 
TEBZTOGTL 
ZSEILZ bh 
e80LLL°0 


G6S072 "t= 


69L07h° 662 
LhSB9E°sSe 
EBSTHO° bE 
L96LLH°6L 


ZZ6£S0°SOL=— 
EOLLLS°E9 
L60SEn °27— 
ESO9LS°0Z 
Olntn9°6t- 


199728 °80¢=- 


SZ7077L °°? 
SLOESE*L- 
168095 °2 
69E0ht°S= 
hh96Lle -0- 
CESLSH?S 
OnLS79°7=— 
hOEZ09°L 
O€n6E6°0- 


6BLhHIn EL 


. 199078 °B80Z— 


OLnLh9*6h— 
ES09tS° 07% 
L60SEh°2e— 


COLLLS°E9 
fZ6EGO°SOL— 
L96LLH°6L 
€BSTHO"6E~ 
LhBB9E “SL 
69L07hH ° 662 


68Ln9h°el— 
O€n6E6°0 
NOETO9° b= 
Omlsz9°z 
e€estshn°s- 
hh96Le°o 
6SCOnn’S 
L6809S °Z— 
GLOteE*L 
GZ2077L°S— 


6SE9GO°SLL 
9OTLEH On 
011066 °tL- 
oreLoL-zt 
Lensoh°6l- 
001889°89 
TLEOLB °C tb 
LESLth “Ont 
6097 Bt °SSGL= 
Ln6€68 °6ES— 


S6S0C7°L 
dB0LLL°Or 
CSEOLE*L 
ZEBTO6°*L— 
SBHLEO°E 
L&EHC BZ °9— 
Litesnt 
n6oLnec°9 
694599 °2= 
BLShc6°Ee 


€9S06S°9Lt~ 
On6E07 “Oh- 
SEnOOL "HE 
h7S679 OL 
LOS6LS°Zt 
6LL6E6°EZ— 
96008S"°E0t 
OLEENL*Z0E= 
69EnOL "LID 
LES9ZTO°LLEL 


hSZBCT Pb 
nZB38LL°0 
OE€ZSS7*L = 
CS9ZB6L"L 
€0886S"°t— 
LSSESL "fh 
BS6LNL*e— 
THUHLIE 
LS829E°S 
bZ67SB°Ot— 


266666 “E992 
Z79GL98 °9EZ 
bLONOL "HOOL 
tSOnSS°ES 
LES909°L6- 
@S500E -et- 
hOEOZTO"SS 
NononO°eL 
SELLOL*EL< 
96 ECS6 NEL 
L6tnlo°s 
GILPEO"LTS 
BSLUGZ L= 
ES6ILt *05— 
SEIT Ore 
78106 °082 
SS UC0smce— 
OLECEE “ELLT— 
0006000 “thin 
ShintO°LLy9e= 


000000°EL 
LLcSn9*t 
BIO0EZ°LE 
CSEUD OS t= 
LIHHhLO°S- 
26 Lt99°L 
CCSUCS oh 
OL SNE ac = 
TLOLTB °C 
€£ 0SSC °E 
L290S6°L 
CHLC6L “HH 
ON L8O0h b= 
nOn896°L 
WEB8B00"? 
GLhSIB" Lim 
SUSTES Ti O0— 
HLETLOH? 
0000900" 
SG 6e 27 ° EB 


Gt hro°Liege~ 
000006 "tnt 
OLECSE TELL C= 
SLB80S "2E- 
720106 °08C 
$6€9nO°Lt 
656020 305 — 
SSCs LT E= 
GIN97 OSI? 
b6lhc9°sB 
SGESsomre— 
t6Lb0d “tb 
r6hngnd Eel 
HOE GO “SZ 
BS600E “SL> 
LESIONS Lb ~ 
tSOnGs"€s 
GLOngL "HOgt 
795198 “FEC 
£66 666 “€99Z2 


& LIdLYwW 


SS6ECS “LB— 
000600 “L- 
hSECLI “he 
9E97E9 0 
92nGo9B8°LE 
fL8800"L=- 
n8hgI6 “L- 
Ont eon "Lh 
O6LC6L ‘4 
£79056 *bL= 
CLOSS CC e= 
ZLOLZTR 
OL9TEE =< 
Ces lecSew— 
COL ESI ab = 
LOnhl6°s 
-SELHOTL 
B90CET TLE 
LECSH I A= 
0000C0 “EL- 


WY XTILVR 


906000°0- 
ht90S0°0 
bobLetiro 
eSs9St°O 
ZHELBL*O 
THELBL OO 
ESeosi7o 
bEitbk eo 
nt90S0°0 
00:)000°0- 


(JOLIVI ONILROTGA) A YOLDTA 


8 = SUNIOI NOILYORITION YOTSALNT dO YAaWNK 


oersee.t Co ee or eased riut2s.ere 
eteett .a- 22ntEs es ee ee reeeseak 
nied. / { capee.t- eerest.a feucnte.s 


éavegaik- rarart < 4 FL test V.2R as = 


weet <- eneeel.® opseye.5 terre .2 7c A 
eo hy eo ee eo ikics.e- Feer.e .t Lae! 5 
Kt taee.i = * PRs -2- parses, ¢ SECA. {eset 
= (peTeit..- remese .¢ pct aat.J sees tsi’ Stitt 1+ 
pLoe - . Fistes eeOTR et - $40 FERs5 70t-t¥,o- staget t 


> “Sete or- epost? tia, ec a ePGSt te 


gneuea bts ettahg rt ) -o1 Se .a5* eeVete . Get oxy ob 207 etc. FTE 


we 

iy pe ELSE .OU- anc (heute Gib Pee Se- peeGetu2t — e0cs63.%22 
- ve aEeNOT «7 ottece £e~ tceare et -O-SST _ 5 i= om ES eOOT 2az+ 
ecees..ct- Srotst St (eerie -c p peer a wt pe A eee erries 24! 

-Forete ti te stoe .Ot~ egtite 4 Lceeeg.eay 964646 .54 Litas B= 

gif ete ft- cores £2 =f t..67% Tisteee?, CePus, ei - oft 2.48 

: : ; eae 20 iecotestet Aitee* iVdZe s, 30 Steryt ck eLeees.Pé~ 

7 erecet.cre- ceerer.aet e2t4> Mi C704. et are..at- strod! #1 
——- eegeor.tee easise.eat- reese.ci qteres.2f SEtEt.99 peta 
| PESSLO. TEI reeeta 22 Oo8 5 feagta.30 RtEaeD FF esteet at 


aceasta 


werteoe 


a-s10 A 


gougve_27- 


Ze tera. fe 
TOHOCHT »-aFL = erst _ gas 
Clits 21s pt uday. Feet 


ae 'Gee «hte *tsere 43 

1{<M@Cce oe cera s . VE~ 

£PL2es.1: 22271 «fF = o 
e211 Ate eerclG tl 

9c! t?2t <= £EGpeg ,2* 

fofigscts eq? (of .+te 

(7/Ete rer? 41+ 

| ars © te tc? et? s 
rEn¢ se el= en 348 15 

‘9 024d. Cf weCIO t+ 
> @geeesn 26 ete fT! to 

&aeeey .4T- tet ere. t! 

"C 24ts 8 scetse eet 

ereyac te at ee? TE 

cesT 90d gciat ,.fttte 

cartes .<€t% t=Cc04 .wI- 

eure ,( oe cae © .Vfste@ 


93 


BESBZL°LIL 
bLSZ96°SL 
HLOLdt °9n- 


SEE 9TH°EDZ— 


SO98ZL°h- 
LOP66L°E 
LhOS6h°L—- 
TH9O996"L= 
TSZB9G PL 
EESL99°E- 
TBIEEE “TS 
tlEOEI*L = 
ZTOPLSL“L 
6hLdtl°o- 


ROLEEL SL 


mSO986°SL 
Z6NSEL6L- 
hSh960°%S 

ZHOGHB*SZZ 


9LBZLh°Z 
LEELLOL A= 
€€S086 °C 
B9BCTE 9 
ZOLHTL“O- 
TLZLH ESD 
800nB0 °E=- 
9996n6°L 
TS9NLE b= 
Losz08°o 


LLBL9Z*L = 


9BZLOE “OE 
HELHOZ ° BZ 
SOSSZL°89- 


h€ 90ZE °687— 


L6ESZ9" 4 
ZTOHTHO"L 
HOLHLL “L- 
8£6858 °C 
6S 666 °S=- 
000000°0 
6S666°S 
BE6868 °7= 
HOLALL*L 
TONZTHOTL = 


L6EScTI"L 


BSILHE°ZLL 
LOJEOH°9S— 
TLLLBS°60L 
S8SS7h°SEb 


LLBL9Z°L 
LO8Z0B°O0- 
cSONLE°t 
999 6t6°L= 
800N80°E 
CLZOLHE°9- 
ZOLHZL“O 
8987Z7E°9 
€ES086°7~ 
LEELLOL 


9LECLH° T= 


OO6E 80 °907— 
LHLLO6"LLZ 
690S6L °EEZ— 


ES9NB9°LIB— 


MOLEEL*L= 
6hLLtL°0 
TOMLS: “i - 
NMEEOES*L 
CBIEEE °S— 
€€S199°E 
CSZB9S*L 
cn9996°L 
Ln0S6n°L 
LE8n66b°E- 


GO98TL°h 


E6HEHO"ESE 
LODLLZ "EL 
98908hh"LSh- 
S6LELZ*O 
L248n96 °Lh6 
000000"08L 
SE68S6°SOLZ 


000000“16 
LEEEGLE 
Nn6ILOO"6E 
BLONSL uU- 
LOLNCL “Le 
BTL9I6L“L 
f668S9°S 
NE9ESOI“L = 
SEIS (5 
290097 “Z 
BE609N“Z 
(MSE MATA SS 
LO9LOB‘L=- 
EEGETL’S 
COUISteL 
Hhenod*Oka 
one 66 “O0- 
G9ONGS * 
Ln60E9~0 
EE6S6C ‘OL 
000069*L=- 
6HCZIE EL 


CEMLE°ZL— 
ECEILL “1Z 

EG HE6H°OZh 
LeEnh96 °S9- 
HO 6LnN0"ELZTE= 
NiSlLesS *h67— 
Lh 80S8°70LS—- 


6HS99L °LOL— 
HS 99E9"L— 
E8l6E8 “OF 
“L£8ez7CO*k 
BENEST eZ 
OC L679 “t= 
TLOCES6*E— 
9B OBES °C 
LSCLE6°S 
026786 °C- 
CE BESO" h=- 
E£SE60"h 
CL6286°2 
§S7L86 °S- 
982 O8CS °C — 
TLOZE6 6 
SLOCISL 
BEHES? °CZ— 
EXECE0. b~ 
EGLE6R8 “OE 
WLOIED* EL 
BRSIDE “LOL 


LH9867°9E 
S8LEhL~9L- 
L4Z7L9¢6 “LHL - 
182892 “Bh 
6n290S “68hHZ 
G9NIBS “HLZ 
LLOOOO*OnLt 


& XIULVa 


6nHCCIE “EL 
000000°t 
££€6S6Z “OL - 
L£n50£9°0- 
S90hSS °S- 
6n& 766 °0 
HLEn9d “OL 
COVISICN t— 
EEGECL “SH 
LOSLOB*L 
669N7Z7°E 
8E509h “c— 
790 09¢ “= 
LEaeHS TE 
H69ES9 “Lb 
CE68S9 “SG 
BZLIGL “4 - 
eS RST Et GES 
6Luncl’od 
nEILOC* bE 
Ppecolol= 
000000°t6- 


Y XIdLyw 


000000°0- 
LE90h0°O 
nZ€660°0O 
SOEOEL"O 
pLtasot "oO 
071991 "0 
mLt9St°O 
SOEOCEL°O 
NncCOb0"S 
LEICn0"O 
009009-0- 


(4OLIVd ONIDHSTas) A dOLDGA 


6 = SINTOd NOFIYIOTIVD YOTAAINI 4O YIGwON 


Protas © 
9oresa,9 
aaeerd is 
eared. 
S85f%? 2+ a 
tisietnt 
meres? 2 - 
BOPSit.a- 
cqeazoee.c 
v7 itt.- 
erprty st 


fegees 5s 
etegrs .3! 
etere BAL 


ew ea? 


Teeres A 


gaages .t™ 


eur etl a! 
OP Vers .2 
Eats tet 


atest 
ce@asrs 
yorwr «a- 
wor FI 
Beret -4 
sora . #- 
jad paN 
tseerd. f° 
tPeese.l 
ener 4 
iTeTsT 
ee) ee 
TTwTHS . 0% 
——— eT 
cure gre 


*ee4s 1 1% 
eh6FCY .C EC 
eeztse. T's 


ent oe . eee 


> .@t- 
= = 
PPoe BI 

627. 

’ ¢ 
ie «@ 
vite} “2< 

* Bs 

. » 

‘ 
rte? 

2 1 

6 

ae ~¢ i 

eA ok 

2OG 

o%¢ ® 

ets. oe 

a, ;« 

—@ 

0 ces 

Ber * 

6 @8 .9* 


ee lis = 
pt Oke 
EnPore> hi 
La be J 


otavee San 
6ries Aly 
gos) P| 


rises’ Af? 
paegee ae 


teours .V 


€S9NBI*ELLB— 
690S6L °EEZ—- 
LhHLtO06°L412 
006€80°902- 
9LOBEL “EB 
9O0ZLI6°EZ— 
HOLBEEEL 


SOSSZH°SEN 
ZLLLES*601 
L99E0n*95- 
BSOLHE*ZLE 
SSh6SL“OnL= 
6LESTZ°8L 
6LLZ6h EZ 


HE90TE°697— 
SOSSZL°89- 
HELhOZ ° BZ 
9BZLOE °0E~ 
68E90L°78 
EC CEEE °SZL = 
68E90L°78 


7H06H8°SZ7Z 
"S7960°7S 
ZOHGEL°6L— 
"S0986°SL 
6LL76h °ET— 
6LES7Z°SBL 
SSh6SL°OtL=- 


9ECITH EDT 
HLOLLt °9n- 
LtSL96°SL 
BESBZL° LL 
HOLBEE EL 
902L16°EZ 
9LIBEL*E6 


LLOOOO°OtEn 
S9IN9BS "HI 
6690S °68HZ 
LELB97 "Bh 
LELIEB“LAL— 
S8lenl*9t= 
LHIBBT°9E 
SECBIO TLL 
LSLNEB*Si-“ 
BnL_o9o"Ll~ 
OS/En8 "6 
Lovezh-St 
CE66L0°B = 
HONnle9°ZE= 
L£t2969°8 


LHLOSB°ZOLS—= 
tLGLES *h6Z—- 
{O6L90°EL7TE= 
LE fnI96 “S9- 
C6GE bn" 97h 
EEEILL LS? 
2EGLEG°SL~ 
CSEBEE “hh 
L7EGL SC" eT? 
ELLGSS"EL 
EYEELE°9L- 
E9ECLB"9L= 
CLEESSS 3 
ECEGKS “82 
CSERGE “hi- 


S€68S6 “SOLZ 
000000°C8tL 
LL8296°Ln6 
S6LELZ * Oh 
980cnh °Loh— 
LOOLLZ °EL = 
€6nEnO°rss 
1127969°8 
hOnlZI°ZE- 
fE66L0 °S- 
40987n°St 
OSLEn°6 
Ont 290 -Lb=- 
LOtnes-st- 
6E7890°bE 


GdaNNILNos 


25 


SBSH 06 "8 h- OSE69L°6L HIOTLLE “LS= 6996£6°2S 
OLLE Nh *9S— THLSOL “89 ELETLZ * h6- HhLe6h °SSt 68B01LL °GEE- LUES9ZL BEL ELOLGE “LSBh- LLBOLS °669E 
000000°02Z- GB9SLO°S8SE 0t69€6°9SZ7Z—- ELOSHE SEZ 
Oth L90°6H7Z— hEE6nL°S6Z 996586 °96E- ShLhoe°2z_9 EnnOsr “6ébb— EBIHEL“LOLE 16 9180 °ELHE= StOcood°09L9 
d@ XIULYR 
OOO000O*LEL OLISZE “EZ1 = SOOCSL °OL BZ6L29 “G— 
LOEULB°S 006978 °L=- OEWESE "lL OBLIEL“L- chemlere HO9B9L t= £92069 7% 000000 °t- 
6L89C9"Lh ESUECEG CEG = CLé6Shh°2L- tOL208°E 
GESTLBE “SE - SEELLL EL fLL098°O0- SEZT6LL™O LHeBLI°O- 9E99EL°0 CELICOST— (TL629°0 
€SZ7009 “EL = 62EBZ1 °L7 {LLhL8°9~ BLNLL6 °S= 
99BL ORE GLUZT66°L— TOLLON"L SB880St°L- BZ26LLO“L S86SSi te SL9SO09°L £L6€36°0- 
682SG16°9 LHSCLL Zhe Hd6ELOr-el LOCECS sO 
BOLSEE*L— 9Lesncre En6080° 2 BL7T779 PL 99ELLh°L— OSENSS *L SnGlStec= T6H00ZE “kL 
CM EEGHES Si Onetlere EE 8007 °9- 764900°6 
SSCLI0-1 = EQELLL“9= 6Nh6LZ°E TIELOE °C CLLL66"L Ghhigd°Z= fib L608 °? LOnHELL “be 
Lhnccore’ LO69L0°S= LOShL6°€ BLERLE “tm 
Ltozcgers L6nhO0E°O- MLOLLL*9- Lasl6S°e BCBLOR*e— 6B6n9IL ZS oB8h989°E— 6CL6EC PS 
6CLOEC “C= 68 1989°E SOn IE Tc= BCBLOB “2 
b8SL6S °E- TLOLLL°9 LEnhOE°O Linzgv9e°l— BLCHLE “h LOSnt6°E= LO06910°S bhncc0 f= 
LBnHELL*L HLLSOB"c= Shhtso°? Ltbbo6 “b= 
TIELOE °S 6nh6L7°E— E9ELLL°S SS7L90°L f6n900°6— €€8007°S HUME EIS y/o GLLNEE Mn 
C600CE “L— BHSLSL°Z Ose oS). lim 998 bin nL 
BLECZ9 “Lb €né6coso°z 9LEEHC °E- BOLSEE°L LOLECS°?S NMSGELO"EL= EV SCUbac 660S16 “9- 
EL 6b 86°O SEISO9E T= S36SSL°L BZOLLO“L= 
S88O0St°t ZTOLLON Le GLUZ66°L 998L9Oh-E= BLnL16°8 $LLndeB°9 62 UETL Le CSZOCIEL 
LcL629°0= E6L9ZO*L  SEETE OS LhZ8L9°0 
SEZELL°O- 7t4098°0 BEELLLE°L= 9E9ZTLB°L LOLL08°E~ OL6Snh°ce ESiLLE LE 6L89E9 "Lhe 
000000°t (BASS) les H99B9i NL THE HLO WL 
OBLOEL TL OEKESE*L— 006978°t LOEHLB°7— 8C6L79°S HhOOESL*9L— 6A49S7TE°EZL 0000C0°LIE= 
Y XIuLvw 
060600°0- 
SEEEECSC 
92LNL0°0 
€nS691°O 
ELINEL°O 
eILentoO 
TILLHL*O 
EEIHE LO 
€n360l°O 
9TLHL0°O 
9ECEEO°O 
909000 °0- 


(3OLDVd ONIZHOTAGA) 4 GOLDGA 


u Ot = SEINIOd NOTLVSOTITOND WOVYTINI 40 YaAdunH 


$3.51 


ee 
PS ee eT Cd weheen.s- re 7 
_* _~ genre de See ygerer a- $7 048R .2 pa) 58 
s7ees4 re ESE6@).. fe aveere:7 ; heeds .2- ‘rr 
- age re +5 resF LAS esreeses! 
_ ett 2 Sesye! éqat=t t- Port rbs ptuck: ix Piet etre 
Pela oR AT- eanear 74 et te.¥ 
Seta tt.z eis ane.o~ Feecrt,;t TeeeTs.- af neta sf sina I eS.0 
thas a9 i» vies i epr2tt .t ate eta? 2° (Veet est (62-205 .8- 
; gnoie).e 7t stots) .2u7T- rel Fart 6Lytté.c- 


© TV atae 


iad acseor ets paras .sit- geTrets. tit <arOa? .Ety? - tepeet 69! er 60.670 £70000 .0as b 


~éfos7 tT- 2604..2°3 it 29+ eh £7020". 5 
>t 0 eee) tC. 4t- ie 162 £21 925f..f2k- 5 /8skT- BE EC fF? ol S28S- gpe6t2 Fe 
trek? 26: ofrtet 7 ouurve .t<- eettet.a 


i) ae re ny 
! 


96 


Shen0e°“2t9o 
ohLe6n “Sst 
O€9LL9°6L— 
6ELLSE°9SL 
B00ZL9°8BL— 
Ebn770°66 
001S06°9Z— 
h26ZLS°Sb 
60661) “hl- 


COE69E EL 


996586 °96E - 
ELEZLZ“N6- 
S6LLLS “CE 
9EEESB “OH 
209849 "BOL 
9889S "SSL 
GEBBZE “HE 
LhlezS-62- 
ELLESS*0Z 
£€6868°HZ- 


SEE6HL°S6Z 
ZHLS9L°89 
££6868°HZ— 
ELLESS*0Z 
LnL87S°67- 
6EBRZE “HE 
9n889S"SSL= 
Z09829°B0L 
SEEE6B°ON- 


S6LLIS°BE 


thht9I0-6nZ— 
OLLEHh*9S= 
T6EGIE*6L 
606610 °hb— 
WZ67LS°SL 
001S06°9Z= 
Ennt20°66 
BO007L9°BBL- 
6GELISE°9OGL 


O€9LL9°6L- 


SL0000°0919 
ELOSH6°SEZ 
LL8OLS°669€ 
6996€6°CS 
LSONSL°9LZ— 
GSSHLS °LL— 
LHESLE “LS 
HI9LZ9d *LE 
ShlOne “LZ- 
BILLONH EL 
LOSLEQE°SL 
BSOLET°GL 
C7G6SL °6- 
SOCIVE SOE — 
OL0EEn*B 
GELHICTLZL 
ELT LOE *6- 
EEC608 °062- 
SBEBEO"SL 
LOSLHL°HLE 


S69h80°EL HB 
LE69E6°9SZ—- 
EL9LS6°LS 8h 
GOCLLE TLS ~ 
LLLZ86°E?C9 
€7TL99S°BL 
OnCBLE-E0L- 
O89Ln6"Li- 
ELLOOS“8E 
LL90osz-Ol 
BLLBIZ “ET 
L6LL6S "ZL 
Onnece St 
BSO6LHEL 
NOSSEGWE Lo 
ONSET hh 
HSEOLL "OL 
661EOL“HLE 
TS969G5°GC 
SSL766°99G- 


HWBOREL °LOLE 
UB9SLO "BSE 
ELLGITL BEER 
LSCE69L°6L 
£58286 °999—= 
€S969G °SZ= 
ESLEOL*htZ 
WSCOLL St 
GHSECS *hh= 
HOSGL6 "EL 
E90bEh~6L 
OnheLe “Gt 
L6Li5S9°ZL- 
CL18 92 “LT— 
LLGO'SL OL 
€Li09S°8T 
C8°L406°LL= 
Chénte “core 
EZLIIS"AL 
tL£1¢36°€29 


EmnOst “oltre 
£0G000°02%Z- 
68S 0LL° GEC = 
985056 “oh 
BOGIHL “HLE 
@8€6E9 "SL 
€£E608 “G62 = 
£LNL08 Mb 
GELOLTS PLZ 
OL06EN "Ss 
EOT9LE OE 
COS eGUSE= 
ESOLES “EL 
16ELE9E "Tt 
G9LLOh “ib= 
SHLENE “LZ= 
TICS Eee 
IhESLE LS 
SSSHhS “Li 
LSOnSbL°StZ— 


CaONILNOD 


eeeeouies ~~ Werveecaae, «= Freebe.dees = age tes art 
: en > 7 oe ti oteee~ ertort at 
eseetzis~ = 3 panda Spcstacdet= «owirers.ter- | Steeye ee 
; 7 ; _ 4 ce.8 euzey = tf= 
Geaeet.se 9 BUEN ST HDT - eee tet coast 25- e3grre.e? 
eee ae : Sccee? .c- Opeete a 
weet zat earwl «ke 4 Qcrats .F°- ta ae awa e oe 
ree. ce ae ierstcat pistae.it- 
: peetase | P Ptes e925 3 eseoe-4t! ~. Barr De! \~ [;oorn nt 
7 5 ' 7 : : ; pet bel : PEerChs :4 
F StErse te SvPe? ¢.4 ene . * eer sat seers 
: on ; ot e2eqcriee ce 
sere ens S858 cee- aitvet <t Signse et rr .ot 
— eoe mt? iT 
tresi L> steer b> 9/7t50..2- odeth Sz ters it. to 
: ‘ tree .scal renee. te r- 
Sa0ks 6.088- SLE08T eat j eer PO.eet - ppaest ct ree ects 


= pera * qeyrtpudte’ «teaver ett SEVkee.bee-~ 


areene—ces rs 2eaeee J) hen 


cri. st ve 


r= $}) 1) <i 


{Eieet (ex ae 

acetvesu 

67437 o 7 

Gane 

ane .t 

errs tet 

eta toes 

a 7 = 

aes a 7 
os a s Aas - - 

t a = 


APPENDIX C 


Solution of a One-Dimensional Problem 


97 


3 KIGHTIIA’ 
nal dia fanobonenidash0 a to nobtet ae 


) oes 


98 


The method of orthogonal collocation on finite elements was 
used to solve a simple one-dimensional problem. The same approach was 
applied to solve the two-dimensional fin problem. The problem 


considered is 


deve cy ey 2 3 
wet = 12 x21 4x2 +1 (Co) 
y(0) = 1 


The analytical solution to the differential equation is 
y = x* + x + 1. The approach which is due to Carey and Finlayson 
(1975) was applied here. The domain 0 < x < 1 was divided into NE 


elements as shown below (Figure C.1). 


FIGURE’ CoE LocauizonvoLt lhe -Collocation Points 


For the Figure C.1, NE=6. A new variable u is defined such 


that 


et a where 2=1, ..., NE (O72) 


Thus u varies from zero to one in each element 2. Interior 
collocation points in each element are the roots to P(u) = 0 where Be 
is a shifted Legendre polynomial in the interval 0 < u< 1. Roots to 


the polynomial are given in Finlayson (1972). 
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Introducing the variable u and applying OCFE to Equation (C.1) 


at each interior collocation points, yields, 


NPX NPX 


A pales Tae 5 3 g 
eee a ix ys Meera TEs (33) 
MER ES = Al aes .02 NE 
eee cree in N+] 
and NPX = N+2 


N is the total number of interior collocation points. 


At the common point between the elements, continuity of the 


first derivative is applied, i.e. 


NPX NPX 
] ; L ] Q+] 
—— A eye ie WE Asta Va (Cea) 
AX, =] Nase sl AX) 4] oe Leica 
The two boundary conditions become 
NE 
Vy = 1 and Yupy= 3 6C 25) 


Solution of the Equations: 
Equation (C.3) together with Equations (C.4) and (C.5) can be 


written as 
is CG26)) 


Matrix T has a block diagonal structure as shown in Figure 


ae 

Blocks were stored in a three dimensional array S(j,i,£) 
where 

fecal Otay N+2 

Ae ees ee N+2 
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NSSAN ELEMENTS IN THE MATRIX DUE TO B,C,1 

ESSE I ELEMENTS IN THE MATRIX DUE TO 
CONTINUITY OF THE FIRST DERIVATIVE 

LEZ A, ELEMENTS IN THE MATRIX DUE TO B,C,2 


Clear areas in the blocks represent matrix elements due to 
the interior collocation points, The size of each block is 
(N42) * (N42) 


FIGURE C.2. Block Diagonal Matrix 
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The scheme is due to Carey and Finlayson and was applied ts 


this problem: 


BCI: SUT Moyles ol 
Stas) =O 


ae = ] 
BGz- 

S(N+2, N+2, NE) = 1 

FL(N+1) NE+1] = 3 


S(N+2,7,NE) = 0 i= 


Continuity of the First Derivative: 


mc Neill 


s(N+2, i,2) = A(N#2,7) 


A(N+2,7) - 


A(1 
FL(N+1)( 2-1) +1] = 0 


Interior Collocation Points: 
g= 1] 
pact area N+] 

Siam Bed] ea es AX, 


F{(N+1)(2-1) + j} = 


a3) 


Ae es 


2 Denes & 
AXt [12 x4+4x ae 


Matrix T,which has a block diagonal structure, was converted 


to a band structure by introducing zeros at the appropriate places as 


shown in Figure C.3. 
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FIGURE C.3. 


Block Diagonal Matrix as a Band Structured Matrix 
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Function index in the accompanying computer program 
introduces zeroes at the appropriate places. Subroutine GELB from the 
SSP library was used to solve the resulting matrix. 

Results: 

Table C.1 shows the analytical solution and the solution 
obtained using OCFE. The numerical solution is in very good agreement 
with the analytical solution. In order to facilitate the comparison 
Over the interval of (0,1), results for only odd number of collocation 
points are presented. Various values of NE and NPX were tried. In all 
the cases considered, excellent agreement with the analytic solution 


was observed. 
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Table C.1} 


Comparison of the Analytical and Numerical Results 


For a One-Dimensional Problem. 


X Analytical 


0 ] 

] 1.1001 
2 1.2016 
3 1.3081 
& 1.4256 
2 125625 
6 1. 7296 
7 1.9401 
8 Zuc090 
2 avaseleil 

1.0 3.0 


Solution Using OCFE NE=5 


eel NPX=3 NPX=5 


Bodog 
(0995! 
. 199564 
. 305964 
.423069 
.56041 
. 72754 
293079 
.20851 
.95586 
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Bol syai) 
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E56272 
ny 2983 
.94029 
3209/0 
-00018 
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NPX=7 
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& 
THE SOLUTION OF A ONE-DIMENSIONAL PPORLEM & 
USING THE METHOD OF c 
ORTHOGONAL COLLOCATION ON FPINITE ELEMENTS Cc 
C 


= os > wise os ae os os aoe so oe se oe ae Soe eee SSS SS SSSSSrSssSSeSsSsSesSs2 SSeS =SSSS2S===C 
THE PROGRAM SOLVES A ONE DIMENSIONAL PROBLEM USING TRE OCFE.THE 
PROGRAM USES SUBROUTINE GELB WHICH IS AVAILABLE IN THE SS? 
(SCIENTIFIC SUBROUTINE PACKAGE) LIBRARY. 
NE: TOTAL NUMBER OF ELFMENTS 
-N : NUMBER OF INTERIOR COLLOCATION POINTS 
U : COLLOCATION POINTS 
K1,K2,K36K4 ARF THE INDICES USED TO INTRIDUCE ZERGS AT THE 
APPROPPIATE PLACES TO CONVERT BLOCK DIAGCNAL MATRIX T(STORED AS 
A THREE DIMENSICNAL MATRIX S )TO A BAND STRUCTUPE. MATRIX S IS 
FINALLY CONVERTED TO VECTOR M PRIOP TO ENTEPING SUBROUTINE GELB 
IN THE LINE 105. 
A & B ARE THE MATRICES TAKZN FROM APPENDIX 2. 
FORM: IHE VARIABLE FORMAT USED TO READ THE ELEMENTS OF A & B, 
COMMON / AREA / K1, K2, K3, K& 
DIMENSION S(8, B, 8), F(650~¢ 1), A(S- 8), D(30, 30), BES, 8), DX{8) 
PORM(8), M(506), B10), X(50) 


REAL M 
READ (8,720) FORM 
DATA M 4500 * 0. / 


READ THE NUMBER OF INTERIOR COLLOCATION POINTS 


READ (19,140) N 
N2 = N + 2 
Rt = nN Fer 


READ INPUT 


BRADN( 19/150) (G(EY, I = 1, -N2) 
READ (9,FOKM) ({A(I, J), 3 
PEAD (9,FORM) ((B(I, 5), J 
READ (5,160) NE 
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_ — 
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a2 
Iv N 
nd 
a 68 
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Wout 
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N 
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MIKE = NE - 1 

ANE = 1. / NE 
EC1)7=:0 

DO 10 L = 1, NE 

X(L + 1) = X(L) ¢#ANE 


DU (Lye He (th 420). SP 515} 
10 CONTINUE 
X(NE + 1) = 1.0 


GENERATE ELEMENTS OF MATRIX S AND VECTOR F 


S(T 1A) = a0 
DO 20 I = 2, N2 
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40 
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(ome me) 


110 


aang 


120 
130 
140 
150 
160 


a Baca 


SA ee) 4s 
CONTINOE 

ad Oe 
DO OL = 4, 
Te Latt 
DOS 0 Pig = seen. 

S(N2, I, L) ="A(N2,_ 1) 
CONTINUE 
She We. 
CONTINUE 
DO 60 L 
M1L = L 
Slo. We 
}DXO}, SO) AL 
Sale abs 
CONTINUE 
PCCNT SOM TL) + 1 t)r= 


0.0 


MINE 


L) = A(N2, 


2, NE 
S(N2, 


ZEN 2 
- DX (M1L) 


N2, 


ee eter 
— 
it 


CONTINOE 
S(N2, N2, NE) = 1.0 
DO 70 I= 1, N1 
S(N2, I, NE) = 0.0 


P(N] * NE + 1, 1) = 3. 
CONTINUE 
DO 100 L = 


CONTINUE 
MIL=L- 1 

XC = X(L) + DX(L) 
EC(NA)S Se (NtL) F857 7 1) 
alo} 
CONTINUE 

CONTINUE 

K1 = 2 * N2 * (N2 - 
K2 = (N2 - 
K3 = 2 * N2- 1 

KG = K2 * (NE - 2) 
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CONVERT S TO M 


DO 110 J 
dO 110 I 
DO 110 L 
KeerInDES (0, (eal, 
(5) = SCI)! 7, 1h) 

CONTINUE 

N4 = NE * N2 - NE + 1 

CALL GELB(F, BM, RG, 1, 


nou ow 
— 
bd 
=z 
N 


N2, 


WRITE SOLUTION 


WRITE (6,130) 
SLO, 


(FP (JK, 


FORMAT 
FORMAT 
FORMAT 
PORMAT 
FORMAT 
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(F15.6) 
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= DX(L) 
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END 


PUNCTTON INDEX(J, I, L, N, NE) 
COMMON / AREA / K1, K2, K3, K4 


THE FUNCTION INDEX INTRODUCES ZEROS AT THE APPROPRIATE 
PLACES TO CONVERT A RLOCK DIAGONAL STRUCTURE TO A BAND STRUCTURE. 


IF (L .E 
Treat ee 
INDEX = 
GO TO 30 

10 INDEX = 
GO TO 30 

20 INDEX = 

6&1 

30 CONTINUE 
RETURN 
END 


1) GO TO 10 
NE) GO TO 20 
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- 1 * (0-2) 724 (0-1) *N4T 


ar (Cf 


Vy ue aN ad) CEN nee © Ghat ia) he/she Cee R= 


N 


107 


+ 


THA TH CORTE 0 PANES ‘ebboonver | 
29 Taeeee GRAS A OF OP ave SMPORATO ROTM Fe 
al 


0, 15S rs 

alee a 
a eee said 

en ee a ek ed ol 


APPENDIX D 


Finite-Difference Formulation of the Finned Tube Problem 
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The finite-difference formulation of the fin problem is 
presented. The finite difference method was used to obtain the solution 
at the corner points of the blocks (Figure 5). 


The flow equation is given by 


SoWan Ole OW le Oe W ee 
re rar Bel ae (0.1) 


Using a three-points central difference formulation, Equation 


(Dey) becomes 


Sees + Nae] ~ qWs i Wa jt] - We je] 
Ar? ne 2Ar 


1 1 


W. aw. PemeWs 
] cell i-l, es 
; ae — i] ay ue 


Rearranging the above equation, one obtains 


ces Ae _ Ae 
ie ie RES pc peg bhp er NTA age | i 
; wee 2 


where Z = ane 
AY 


Equation (D.3) was used to evaluate the velocity at the corner 


points (Full circles in Figure 5) of each block. 


en 
(6.0) 
neaniod att t0 vtiooteay: et) seal ave 09 OORt, ThP (6.0) nord supa 
dootd tans to (2 gadgtt A) det ottg tua) zs nto 
. ai. 
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5) ; al. yey : 


APPENDIX E 


Pressure and Velocity Results from Continuity Equatioon 
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A value of 10.99 in the velocity columns indicates that the 
velocity at that collocation point was not evaluated. 
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TABLE E.1 


CONFIGURATION ONE: PRESSURE AND VELOCITY RESULTS FOR 


INITIAL VISCOSITY OF THE OIL= 


VISCOSITY=100 CP AND N=2 


100.000 CP 


NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 4& 


COLLOCATION 
POINT 


WONAMWS WH 


10 


PRESSURE 
(PSI) 


1.543411746 
1.215405415 
1.071168041 
1.005110 531 
1.534741043 
1.495667005 
1. 196111658 
1.1131316193 
1.062034594 
1.000000000 
0.996 439828 
1.090 427370 
1.081496671 
1.009025892 
0.984854718 
0.968384632 
0.947419607 
0.946 189996 
0, 920293479 
0. 920299179 
0.9202951793 
0.920299779 
0. 750170288 
0.759101687 
0.831572466 
Q.. 855743640 
Ue672213 726 
Q0.3893%78751 
0.894408362 
0.305857315 
0. 344931353 
0.644486700 
0.729 282165 
0.778563765 
0.840598358 
0-844158530 
0.297 186613 
0.625 192943 
9.769 430317 
0- 835487827 


VELOCITY IN 
X DIRECTION 
CM/S 


-0.000000000 
0.000000000 
-90.000000000 
-0.000000000 
10. 999000000 
0.000002090 
0.000000857 
10. 990000060 
0.000000409 
0.000060229 
16.999900000 
10.9990000000 
0.000004015 
0.€600002035 
10.990000000 
0.900001070 
0.000000602 
10. 990000000 
0.000003335 
6.000002041 
0.000001145 
0.000000647 
10.990000000 
0.000004015 
0.000002035 
10. 9900000090 
0.000001070 
6. 000000602 
10.990000000 
10.990000000 
0.000002050 
0.000000857 
10.930000000 
9.000000499 
0.000000229 
10.990000000 
-0.00000000C 
-0.0000000C0 
~0.000000000 
0.0 


VELOCITY IN 
Y DIRECTION 
CM/S 


10.990000000 
10.990000000 
10.999000000 
10.950000000 
-0.000000000 
0.00000 1686 
0.000002462 
0.000001344 
0.000000951 
0.000000175 
0.0 
0.000009000 
0.000000388 
0.000000647 
0.000000448 
0.00C0000319 
0. 000900060 
0.000000000 
10.990000000 
190.990000000 
10.990000000 
10.990000000 
0.000000000 
-0.000000388 
~0.000000647 
-0. 000000448 
~0.000000319 
-6.906550060 
-0.000000000 
6.000000000 
~0.00000 1686 
-0.000002462 
-0.00000 1344 
-0.000000951 
-0.000000175 
0.0 
10.990000000 
10.990000000 


10.990000000 
10.990000000 
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CONFIGURATION ONE: 


TABLE E.2 


PRESSURE AND VELOCITY RESULTS FOR 
VISCOSITY=10,000 CP AND N=2 


INITIAL VISCOSITY OF THE OIL= 10000.000 CP 
NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 4 


COLLOCATION PRESSURE 


POINT 


WODNHNMNLWND 


(PSI) 


552341174562 
22.540541474 
8. 116804134 
1.511053071 
54.,474 104294 
50. 566700532 
20. 611165769 
12. 131619278 
7203459352 
1. 000000000 
0.643982802 
10.,042736982 
9. 149667087 
1.$02589223 
-0.514528197 
-2. 161536751 
-4., 258039330 
-4.381000358 
-6.970082094 
-6.970082094 
-6.970082094 
-6.570082054 
-23.982901169 
-23.089831275 
-15.842753411 
-13.425635991 
-11.778627437 
-9.682124858 
- 9.559 163829 
-68.47526 64 7 
-64.506864720 
-34.551329956 
-26.071783466 
-21. 143623539 
- 14.940164188 
-14.584 146990 
-69.281338750 
-36.420705661 
~ 22.056 968321 
-15.451217259 


VELOCITY IN 
X DIRECTION 
CM/S 


-0.000000000 
0.000000000 
0.90 

-0.000000000 

10. 990000000 
0.000002090 
0.000000857 

10.990000000 
0.000000409 
0.000000229 

10.990900000 

10.990000000 
0.000004015 
0.000002035 

10. 990000000 
0.000001070 
0.000000602 

10. 990000000 
0.000003335 
0.000002041 
0.000001145 
0.000000647 

10. 990000000 
0.000004015 
0.000002035 

10.990000000 
0.000001070 
0.000000602 


10.990000000 


mA PARR Ar 


0.000002090 
0.000090857 
10. 990000000 
0.000000409 
0.000000229 
10. 990000000 
0.0 
-0.000000000 
-0.000000000 
-0.000000000 


VELOCITY IN 
Y DIRECTION 
CM/S 


10. 990000000 
10. 990000000 
10. 990000000 
10.990000000 
0.000000000 
0.00000 1686 
0.000002462 
0.000001344 
0.000000951 
0.000000175 
0.000000000 
0.000000000 
0.000000388 
0.000000647 
0.000000448 
0.009000319 
0. 000060060 
-0.000000000 
10.990000000 
10.990000000 
10. 990000000 
10.990000000 
-0.000000000 
-0.000000388 
-0.000000647 
-0.000000448 
-0.000000319 
-0.000000060 


-0.00000 1686 
-0.000002462 
-0.000001344 
-0.000000951 
-0.000000175 
0.0 
10.990000090 
10. 3990000000 
10.990000000 
10.990000000 
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CONFIGURATION ONE: 


INITIAL VISCOSITY OF THE OYFL= 


TABLE E.3 


PRESSURE AND VELOCITY RESULTS FOR 
VISCOSITY=100 CP AND N=3 


100.000 CP 


NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 9 


COLLOCATION 
POINT 


WODANHDNESE WH ow 


PRESSURE 
(PSI) 


1.828773953 
1. 395770126 
« 156293268 
1.,093897308 
1.026436607 
1. 001309415 
1. 826174900 
1.783944216 
1.381£02060 
1.152174607 
1. 121433160 
12090773736 
1.024689370 
1.000000000 
0.998710335 
1.345640597 
1. 334006465 
1.203668649 
1.083631182 
1.060035134 
1.. 039920776 
0.994634706 
0.977193298 
0.976306574 
0.$55908837 
05995131576 
0.981726407 


Nh NHDLAKRANANOELE 
we vysgIWwVvIiVvuy 


6.$53659550 
0.948916384 
0.938014976 
0.933729126 
0.933511264 
0.919316895 
0.919316689 
0.919316243 
0.919315898 
0.919315274 


VELOCITY IN 
X DIRECTION 
CM/S 


-0.000000000 
0.000000000 
-0.000000000 
-0.000000000 
0.000000000 
-0.000000000 
10. 990000000 
0.000003598 
0.000001174 
0.000000353 
10.990000000 
0.000000267 
0.000000151 
0.000000113 
10.990000000 
10. 990000000 
0.000005789 
0.000002820 
0.000001307 
10. 990000000 
0.000000960 
0.000000583 
0.000000445 
10.990000000 
40. 99600006-3 
0.000003179 
0. 000002717 


NAANRNAFIVE 
Sie vuvuvirnsyv 


40. 990000000 
0.600001276 
0.000000805 
0.000000621 

10.990000000 
0.000003576 
0.000002726 
0.000001739 
0.000001291 
0.000000816 


VELOCITY IN 
Y DIRECTION 
CH/S 


10. 990000000 
10.990000000 
10.990000000 
10. 990000000 
10.990000000 
10.990000000 
-0.000000000 
0.000003373 
0.000004810 
0. 000001360 
0.000001474 
0.000001199 
0.000000533 
0.000000112 
0.000000000 
0.000000000 
0.000000946 
0.090001860 
0.000001115 
0.000000955 
0.000000797 
0.000000377 
0.000000077 
-0.000000000 
6.000600000 
0.000000067 
0.000000254 
Ge SOCGCGZT i 
0.000000224 
0.000000189 
0.000000092 
0.000000019 
-0.000000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
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CONTINUED 

33 0.919314863 
40 0.8427248974 
41 0.-843502213 
42 0.856906969 
43 0. 879231393 
Gay 0.. 884972592 
45 0.889715394 
46 0.900615535 
47 0.904500598 
48 0.905118409 
49 0.492993197 
50 0-504627306 
Si 0-634964686 
52 0-755001169 
53 0.-778596830 
54 0.798710760 
55 0.843995013 
56 0.861434767 
57 0-862321354 
58 0.012458879 
55 0. 054689537 
60 0-457131234 
61 0.686457602 
62 0.717198598 
63 0.747857567 
64 028 13939173 
65 0.-838624250 
66 0.839913476 
67 0.009859799 
68 0.442863164 
69 0.682 338930 
790 0. 744733978 
71 0-812191825 


0-837314422 


0.000000629 
10.990000000 
0.000003179 
0.000002717 
0.000001736 
10.990000000 
0.000001276 
0.000000805 
0.000000621 
10. 990000000 
10.990000000 
0.000005789 
0.000002820 
0.000001307 
10. 990000000 
0.000000960 
0.000000583 
0.000000445 
10.990000000 


10.990000000 


0.000003598 
0.000001174 
0.000000353 
10.990000000 
0.000000267 
0.000000151 
0.000000113 
10. 990000000 
0.000000000 
-0.000000000 
0.0 
0.000000000 
0.0 
0.000000000 


10.990000000 
-0.000000000 
-0.000000067 
-0.000000254 
-0.000000271 
-0.000000228 
-0.000000189 
-0.000000092 
-0.000000019 
0.0 
0.000000000 
-0.000000946 
-0.000001860 
-0.000001115 
-0.000000955 
-0.000000797 
-0.000000377 
-0.000000077 
0.0 
0.000000000 
-0.000003373 
-0.000004810 
-0.000001359 
-0.000001474 
-0.000001199 
-0.000000533 
-0.000000112 
0.0 
10.990000000 
10. 990000000 
10.990000000 
10. $90000000 
10.990000000 
10. 990000000 
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CONFIGU 


RATION ONE: 


TABLE E.& 


PRESSURE AND VELOCITY RESULTS FOR 


VISCOSITY=10,000 CP AND N=3 


INITIAL VISCOSITY OF THE OIL= 
NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 9 


COLLOCATION 
POINT 


WOYHRMEWHN 


PRESSURE 
(PSI) 


83.876459984 
40.576115792 
162628525291 
10.389012177 
3. 643225378 

1. 130987975 
83.6 16551825 
79.393485553 
39.149308027 
16. 21665€916 
130 142553144 
10.076651862 
3.468488009 

1.000000000 

0.8710800 16 
35.563108625 
34.399697140 
21.365948412 
9.3€2279245 
7.002706139 
4.991306181 
0.462861981 
-1.2811719206 
0-5€9908505 

0.512183 752 
~ 4.828 308604 
-3.069786558 
=3.63691S3971 
=H 1092132 62 
Seto ciad so 
-5.627809 16% 
-5.6495922C9 
=7e 069292227 
-7.069290645 
-7.069287217 
-7.069284562 
-7.069279766 


10000.000 CP 


VELOCITY IN 
X DIRECTION 
CM/S 


-0.000000000 
-0. 000000000 
0.000000000 
-0.000000000 
-0.000000000 
-0.000000000 
10.990000000 
0.000003598 
0.000001174 
0.000000353 
10.990000000 
0.000000267 
0. 000000151 
0.0000001713 
10. 90000000 
10. 990000000 
0.000005789 
0.000002820 
0.000001307 
10.990000000 
0. 000000960 
0.000000583 
~0.000000445 
30. 990000 06 
10. 990000000 
0.000003179 


Nn NnNANNADIAND 
weyvvuvvver itis 


0.060007 736 
10. 990000000 
0.000001276 
0.000000805 
0.000000621 
10.990000000 
0.000003576 
0.000002726 
0.000001739 
0.000001291 
0.000000816 


VELOCITY IN 
Y DIRECTION 
CM/S 


10.990000000 
10.990000000 
10. 990000000 
10.990000000 
10.$90000000 
10.990000000 
0.000000000 
0.00000 3373 
0.000004810 
0.000001359 
0.000001474 
0.000001199 
0.000000533 
0.000000117 
0.000000004 
-0.000000000 
0.000000946 
0.000001860 
0.000001115 
0.000000955 
0.000000797 
0.000000377 
0.000000077 
-0.600000000 
0.0 
0.000090067 
G.G00000Z254 
0.000000271 
0.000000224 
0.000000189 
0.000000092 
0.000000019 
0.0 
10.990090000 
10.990000000 
10.990000000 
10.990000000 
10. 990000000 
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39 
40 
41 
42 
43 
44 
45 
46 
47 
4s 
49 
50 


-~7.069276602 
-14.728493119 
-14.650768197 
-13.310272663 
-11.077787808 
-10.503652388 
=10.0293556S7 

~8.939285451 

-8.510744027 

-8.488960588 
-49.701693115 
~48.538 281452 
+35.504529371 
-23.500852634 
~21.1491276550 
-19.129873300 
-14.601415134 
-12.857421228 
-12.768761461 
=9ifie doossO192 
~93.532069728 
-53.287888666 
7305 G00229 249 
-27. 281121972 
—24.215217190 
~17.607032114 
“AS sa SooANO95 
-15.009587734 
-98.015044150 
~54.714696407 


-30.767097506 | 


=2425.27 9113.13 
-17.781768628 
-15. 2694958S4 


0.000000629 
10.990000000 
0.000003179 
0.000002717 
0.. 000001736 
10.990000000 
0.000001276 
0.000000805 
0.000000621 
10.990000000 
10.990000000 
0.000005789 
0.000002820 
0.000001307 
10. 990000000 
0.000000960 
0.000000583 
0.000000445 
10. 990000000 
10.990000000 
0.000003598 
0.000001174 
0.000000353 
10.990000000 
0.000000267 
0.000000151 
0.000000113 
10.990000000 
0.0 
0.0 
-0. 000000000 
0.000000000 
0.000000000 
-0.000000000 


10.990000000 
-0.000000000 
-0.000000067 
-0.000000254 
-0.000000271 
-0.000000224 
-0.000000189 
-0.000000092 
-0.000000019 
0.0 
-0.000000000 
-0.000000946 
-0.000001860 
-0.000001115 
-0. 000000955 
-0.000000797 
-0.000000377 
-0.000000077 

0.000000000 
-0.000000000 
-0.000003373 
-C. 000004810 
-0.000001359 
-0.000001474 
-0.000001199 
-0.000000533 
-0. 000000112 
-0.000000000 
10.990000000 
10. 990000000 
10. 990000000 
10.990000000 
10.990000000 
10.990000000 


117 


eaosadenes / 
OH0CNDOOG 


000000. pis vi 
Shi el 


pecuos 
§TLOORUOOL Oe 


aesnonged.a= 
eyreagne.w~ ° 


aE 


SeoNoO me .G- 
dsOO6 wr Do 
beGr “a= 
eres? 
£ AAT AGA DY hier 
Te. G4Ct 
CTL. eos. 
CTCL .Ge 
Giape as D« 
ved grote, ~ 
CULE TOGt8. 
crLeaweg .<* 
CBEG SOL 4 
AVES Gi 2O- 
@ar? “9000 20 
LEG EOONG 
Ce eCee i> 
gnooorres ,o- 
(Gy tvoory ot 
Ou0Os. a a 
Ra Ohi Ge - Oe 
oy ori 
OR INOME, ve 
9G I0C74 af 


ae 4 sorkiy re 


sk pa dh to es | 


a 
AePRE EDS. SE 


CHersea- i, 7 
Ppyaryes. ot 


srke ed Owe : 
cong vn + aa Pe id 
pHOnSeCee. OF. Speraers tS 
ragacece 9 SPlCr k= 
eo ee alrecores.tte 
rrcacnnan a ed 
o6.00000"4. 97 ; 
G0 
a8 
engeepen?..o 
296000000 5 


year 
ey r2e(ca use 
ayenat (at .tt= e * 


j@te0o40." = upeeesessc.dt+ tt 
: - Y - oc 
hey 
ry _ 
j 
’ ¢ 
Pi | _ a 


TABLE E.5 


CONFIGURATION ONE: PRESSURE AND VELOCITY RESULTS FOR 


INITIAL VISCOSITY OF THE OIL= 


VISCOSITY=100 CP AND N=4 


100.000 CP 


NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 16 


COLLOCATION 
POINT 


WDNADNEWN = 


10 


PRESSURE 
(PSI) 


22052622302 
12576227614 
1o 257984014 
1.151082134 
1. 104371144 
1.049 439716 
124011155078 
1.000 483946 
2-051661239 
2~ 008709052 
1.563697236 
te. 255522323 
1.749 150717 
1.122802072 
1.103206766 
1.048643602 
1.010604857 
1.€00000000 
0.999522883 
12554434892 
1.542870906 
12394136275 
1.204814370 
1.114159180 
1.095285547 
1. 0786351769 
1.031894936 
0. $98990386 
0.989777E€27 
0.989 362356 
13,1677 61337 
1. 166332990 
1. 137555013 
1.070708111 
1.026288472 
12016831511 
1.008 160147 
0.962947021 


VELOCITY IN 
X DIRECTION 
CM/S 


-0.000000000 
-0.000000000 
0.000000000 
0.000000000 
0.000000000 
-0.000000000 
0.000000000 
-0. 000000000 
10.990000000 
0. 000005675 
0.000001665 
0.000000347 
0..000000266 
10.990000000 
0. 000600164 
0.000000112 
0.000000078 
0. 000000068 
10.590000000 
10. 990000000 
0. 000008513 
0.000003905 
C. 000007496 
0.000000985 
10.990000000 
0. OOCOCOTLY 
0.000000507 
0.000000353 
0.000000311 
10.990000000 
10.990000000 
0.000003342 
0. 000003363 
0.000002204 
0. 000001484 
10.990000000 
0.000001228 
0. 000000867 


VELOCITY IN 
Y DIRECTION 
CM/S 


10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
0.000000000 
0.000005539 
0.000007865 
0.00000 2013 
0.000002104 
0.00000 1471 
0.000001297 
0. 000000787 
0.000000337 
0.000000067 
0.0 
0.000000000 
0.000001529 
0.000003260 
6.006062071 
0.000001809 
0.000001247 
G.00000 7105 
0.000060678 
0.000000292 
0.000000059 
-0.000000000 
0.000000000 
0. 000000202 
0.000000826 
0.000000963 
0.000000696 
0.000000643 
0.000000581 
0.000000374 


118 


> aneane 


anebhucee, at 


goagwodnt “ 


‘ vregnesne ¢ 


xeavtiees, : 
ror yoo 950 ,0 
tel be 4 4000 » a) 
£¢ GS HO090.F 
yoeroeogo.0 
ret? 00606 .0° 
ahi FOO G0> 3 
creongod 
SeLOODOLG -! 
S2OD HGNC .4 
CU PARS VS 
AOGOOONTO » 
EqlOGde » 
2600 0T4 
¢yeoonaas. 
1qae7Qoy 
4 etogteoe. 
4490506900008 
at Labo N8 0 


eee GSO 'e 


. a 
if 


ve 4 he ees reer 


ci it 


\ Ae Sr Orie 
| peda ate 
eterts) s 

fabio". a 3 
op ohatioge oF 


egngeno sr. ur. 


Ma 8 Q 
AVE: f 
Rea 


pe SONOS ..¢U 
HHL Ore .Ot 
eutecttce 
ChELGGHAE -O 
TeeBHOPOY.0 
VEQUOESO .c 
MOGHID OF 
avetaansy ae 
(2OGvs 2 
ae ' §ng00 0 
eecponver .« 
Pte. ail 
ececnoer"..61 
okatszoac .G 
e per eauel 4 


wa ; : i Aol 
gaugenery-¢- 4 Lee ‘ 
ob 4 ; ; ; 
Seovntaaast ae 
pareeis: D4 


aca BEE eOGot 
orcas seotet 
Oat elt OFral 
rezeeseEed 
ene Peagtys 
ayeweeren.t 
sacneene? -0 
rcatrtese 0 
agcieg me .§ 
ireraeet ft 
epeingt 4 Ged 
crater 
r ARS +t 


iabekaat Bat ; 


tayeal 
Pe 


{ 


CONTINUED 

39 0.964635580 
40 0.959454270 
41 0.959217038 
42 0.974780952 
43 0.974 065324 
44 0.,964775940 
45 0..951346964 
46 0. 942505164 
47 0940443575 
48 0. 938607231 
49 0.. 933222639 
50 0.,9292£1928 
51 0.928121373 
52 0.928069962 
53 0.919 306346 
54 0.919 306346 
55 0.919 306346 
56 0.919 306346 
57 0.919 306346 
58 0.919 306346 
59 02919306346 
60 0. 919306346 
61 0., 863831740 
62 0., 864547368 
63 0. 873836752 
64 0.887265728 
65 0.896 107528 
66 0.898169117 
67 0.900005461 
68 0.905390053 
69 0., 909 360763 
70 0. 910491319 
71 0.9 10542730 
7 0.670851355 
73 0.672279701 
74 0.701057679 
75 0. 767904580 
76 0.812328220 
a 0. 821781181 
78 Os. 830452545 
79 0. €55665670 
60 O.. 873977112 
81 - 0.879 158422 
82 0. 879395654 
83 0.284177799 
84 0.2957426 86 
85 02444476417 
86 0., 633798322 
87 0.72%453512 
88 0. 743327145 
89 0. 759977523 
90 0.806717755 
91 0. 8396223 06 
92 0. 848835065 
93 0.849 250336 
94 -0.213048547 
95 -0. 170096360 
96 0. 274915456 
97 0.583090369 


0. 689461975 


0.000000613 
0.000000542 
10.990000000 
10. 990000000 
0.000004021 
0.000003213 
0.000002255 
0.000001633 
10.990000000 
0.000001357 
0.000000978 
0.000000699 
0.000000620 
10.990000000 
0.000003565 
0.000003198 
0.000002270 
0.000001637 
0.000001366 
0.000000984 
0.000000703 
0.000000623 
10. 990000000 
0.000004021 
0. 000603213 
0.000002255 
0.000001633 
10.990000000 
0.000001357 
0..000000978 
0.000000699 
0.000000620 
10. 990000000 
10. 990000000 
0.000003342 
0.000003363 
0.000002204 
0.000001484 
10.990900000 
0.000001228 
0.000000867 
0. 000000613 
0. 000000542 
10. 990000000 
10.990000000 
0.00°008513 
0.000003905 
0.000001496 
6- 000000985 
10.990000000 
0.000000741 
0.000000507 
0.000000353 
0.000000311 
10.990000000 
10. 990000000 
0.000005675 
C.000001665 
0.000000347 
0.000000266 


0.0000001648 
0.000000033 
0.000000000 
0.000000000 
0.000000095 
0.000000208 
0.000000176 
0.000000153 
0.000000136 
0.000000123 
0.000000081 
0.000000036 
0.000000007 
-0.000000000 
10.990000000 
10.990000000 
10. 990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
0.000000000 
-0.000000095 
-0.000000208 
-0.000000176 
-0. 000000153 
-0.000000136 
-0.000000123 
-0.090000081 
-0.000000036 
-0.000000007 
-0.000000000 
-0.000000000 
-0. 000000202 
-0.000009826 
-0.000010963 
-~0.000000696 
-0.900000643 
-0.000000581 
-0.000000374 
-0.000000164 
-0. 000000033 
0.000000000 
-0. 000000000 
~0.00000 1529 
-0.000003260 
-0.000002071 
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-0.000001287 
-0.000001105 
-0.000000678 
-0.000000292 
-0.000000059 
0.0 
0-000000000 
-0.000005539 
-0.000007865 
-0.000002013 
-0.000002104 
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99 
100 
101 
102 
103 
104 
105° 
106 
107 
108 
109 
110 
111 
112 


0.715810620 
0.7354059 26 
0.789969090 
0.828007835 
0.8386126S2 
0.839C89809 
-0.214009610 
0.262385077 
0.580 628677 
0. 687530558 
0.734241548 
0. 789172976 
0.-827457614 
0-838128745 


10. 990000000 
0.000000164 
0.000000112 
0.000000078 
0.000000068 

10. 990000000 
0.0 
0.000000000 

-0. 000000000 

-0.000000000 

-0.000000000 
0.000000000 
0.0 

-0. 000000000 


-0.000001471 
-0.000001297 
-0.C00000787 
-0.000000337 
-0.000000067 
0.0 
10. 990000000 
10.990000000 
10.990000000 
10.990000000 
10. 990000000 
10.990000000 
10.990000000 
10. 990000000 
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CONFIGURATION ONE: 


TABLE E.6 


PRESSURE AND VELOCITY RESULTS FOR 
VISCOSITY=10,000 CP AND N=4 


INITIAL VISCOSITY OF THE OIL= 10000.000 CP 
NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 16 


COLLOCATION PRESSURE 


POINT 


ak ad oh wd ed ed od 
NAN EWNH RMP OWUDONHAWL WH = 


17 


(PST) 


106. 262230183 
58.622761447 
26-798401447 
16. 108213364 
11.437114364 

5-943971577 
2. 115507831 
1., 048 394643 

106. 166 123865 

101.870905227 
57. 369723610 
26+ 552232257 
15.915071659 
13.280207193 
11. 320676552 

5. 864360170 
2060485724 
14000000000 
02952288325 
56-443 489234 
55.287000559 
40.413627464 
21.4814369S8 
12.415918000 
10.528554669 
&8.-8635136891 
4. 189 493644 
0.899938611 
=0.5022231327 

-0.063764382 
17.776133684 
17. 633295039 
14. 755501308 

8.070811137 
3.6284471S7 
2-683151075 
1.816014659 
-0.705297857 


VELOCITY IN 
X DIRECTION 
CM/S 


0.000000000 
0.000000000 
0.000000000 
0.000000000 
0.000000000 
0.000000000 
0.000000000 
-0. 900000000 
10. 990000000 
0.000005675 
0.000001665 
0.000000347 
0.000000266 
10.990000000 
0.000000164 
0.000000112 
0.000000078 
0.000000068 
10. 990000000 
10. 990000000 
0.000008513 
0.000003905 
9.000001496 
0.000000985 
10.990000000 
0. 000000744 
0.000000507 
G. 000000353 
0.000000311 
10.990000000 
10. 990000000 
0.000003342 
0.000003363 
0.000002204 
0.000001484 
10.990000000 
0.000001228 
0.000000867 


VELOCITY IN 
Y DIRECTION 
CM/S 


10.990000000 
10. 990000000 
10.990000000 
10. 990000000 
10.990000000 
10. 990000000 
10.990000000 
10. 990000000 
-0.000000000 
0.000005539 
0.000007865 
0.000002013 
0.000002104 
0.00000 1471 
0.000001297 
0. 000000787 
0.000000337 
0.000000067 
0.000000000 
0.000000000 
0.000001529 
0.000003260 
0.000002071 
0.000001409 
0.00000 1247 
CO. ClSoo TtOS 
90.009000673 
0.000000292 
0.000000059 
-0.000000000 
-0.000000000 
0.000000202 
0.000000826 
0.000000963 
0.000000696 
0.000000643 
0.000000581 
0.000000374 
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CONFIGURATION ONE: 


INITIAL VISCOSITY OF THE OIL= 


TABLE E.7 


PRESSURE AND VELOCITY RESULTS FOR 
VISCOSITY=100 CP AND N=5 


100.000 CP 


NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 25 


COLLOCATION PRESSURE 


POINT 


~~ 
CMUMDNANMNLWH 


(PS1) 


2- 234607128 
1. 737433350 
12376337514 
1. 216296492 
1.136850047 
1. 110997583 
1.067341590 
1.026412655 
1.005394978 
1.000220212 
2-234165861 
2» 190994862 
1. 725676028 
15374494719 
1. 215013063 
1., 136410532 
1.124 150168 
1.110398502 
1.066915711 
1.026116075 
1.005159837 
1.000900000 
0.9997789393 
1.726776296 
1.715459344 
1.560 109222 
1. 189845828 
1. 123187673 
1.109674172 
1.097194358 
1.057230470 
1.019322084 
0.999763864 
0.994943017 
0.994737782 
1.926227252 
1. 324835028 


VELOCITY IN 
X DIRECTION 
CM/S 


-0.000000000 
0.000000000 


-0.000000000 


-0. 000000000 
-0.000000000 
-0.000000000 
0.000000000 
-0.000000000 
0.000000000 
-0.000000000 
10.990000000 
0.000008310 
0.000002306 
0.000000389 
0.000000262 
0.000000097 
10.990000000 
0.000000124 
0.000000089 
0. 000000062 
0.000000049 
0. 000000046 
10. 990000000 
10. 990000000 
0.000012065 
0. 000005339 
0.060007019 
0.600000624 
10 .990000000 
0.000000567 
0.000000422 
0.000000297 
0.000090236 
0.000000222 
10.990000000 
10.990000000 
0. 000003895 


VELOCITY IN 
Y DIRECTION 
CM/S 


10. 990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10. 990000000 
10.990000000 
10.990000000 
-0.000000000 
0.000008218 
0.000011613 
0.000002910 
0,000002984 
0.000001210 
0.00000 150% 
0.00000 1373 
0.000900966 
0.000000544 
0.000000231 
0.000000046 
0.000000000 
0.000000000 
0.000002214 
0.000004887 
0.000002081 
0.09000 1474 
0.000001357 
0.000001251 
0.000000894 
0.000000507 
0:000000216 
0.000000043 
0.000000000 
~0.000000000 
0.000000294 
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0.993121893 
0.988671966 
0.9844854 16 
0.970635880 
0.956958608 
0.949735906 
0.947941227 
0.947&64928 
0.951092704 
0.951268170 
0.9516206S7 
0.945670817 
0.938572534 
0. 934560825 
0.933622680 
0.932766954 
0.-929935330 
0.927118607 
0.925625095 
0.925253672 
0.925237764 
0.919314279 
0.919314096 
0.919313838 
0.919313490 
0.919313277 
0.9193130&6 
0.919 312565 


0.919311957 


0-919311559 
0.919311548 
0.887 £35858 
0. 887360300 
0.887C07407 
0.892956771 
0.900054357 
0.904065639 
0.905003683 
0.905859127 
0.908689709 
0.911505210 
0.912997321 
0.913369357 
0.913385344 


0. 000004206 
0.000002731 
0.000001663 
0..000001244 
10.990000000 
0.000001062 
0.000000815 
0.000000586 
0.000000469 
0. 000000441 
10. 990000000 
10. 990000000 
0.000004532 
0.000003593 
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0.000001960 
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10.990000000 
0. 000001339 
0.000001048 
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0.000000618 
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10.990000000 
0.000003202 
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10.990000000 
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10.990000000 
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0.000001591 
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0.000000816 
0.000000660 
6.000000621 
10. 990000000 
0.000003202 
0.000003382 
0.000002756 
0.000002009 
0.000001591 
10.990000000 
0.000001403 
0.000001108 
0.000000814 
0.000000658 
0.000000619 
10. 990000000 


0.000001358 
0.000001769 
0.000001317 
0.000001047 
0.000000965 
0. 000000895 
0.000000653 
0.000000377 
0.000000162 
0.000000032 
0.0 
0.000000000 
0. 000000157 
0.000000517 
0.000000663 
0.000000595 
0.000000479 
0.000000451 
0.000000423 
0.000000317 
0.000000186 
0.000000089 
0.000000016 
0.0 
-9.000000000 
-0.000000031 
0.000000041 
0.000000143 
0.000000111 
0.000000102 
0. 000000092 
0.000000086 
0.000000065 
0.000000038 
0.000000017 
0.000000003 
0.0 
10.990000000 
10.9930000000 
10.990000000 
10. 390000000 
10.990000000 
10.990000000 
16...960000006 
10.990000000 
10.990000000 
10.39996000006 
0.000000000 
0.000000031 
-0.000000041 
-0.000000143 
-0.000000111 
-0.0090000102 
-9.000000092 
~0.000000086 
-0.000000065 
-0.000000038 
-0.000009017 
-0.000000003 
0.0 
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0-512 4009 76 
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0.728226996 
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-0.395978617 
0.101194783 
0.462290047 
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0.701776040 
0.727628001 
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0.812208621 
0-833221384 


0.838389694 


10. 990000000 
0.000004532 
0.000003593 
0.000002736 
0.000001960 
0.000001515 

10.990000000 
0.000001339 
0.000001048 
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0.000000618 
0.000000581 

10. 990000000 

10.990000000 
0.000003895 
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0.000002731 
0.000001663 
02000001244 

10.990000000 
0.000001062 
0.000000815 
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0.000000469 
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10.990000000 

10. 990000000 
0.000012065 
0.000005339 
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10.920000000 
0.000008310 
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0.000000385S 
0.000009262 
0.000000097 

10. 990000009 
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0.000000C89 
0.000060062 
0.000000049 
0.000000046 

10.990000000 

-0.000000000 
0.0 

~0.000000000 
0.0 


00000000 


0 
0 
0 
0 
0 
0.000000000 


0 
0 
0 
0 
0 
0 


0.000000000 
-0. 000000157 
-0.000000517 
~0.000000663 
-0.000000595 
-0.000000479 
-0.000000451 
-0.000000423 
-0.000000317 
-0.000000186 
-0.000000080 
-0. 000000016 
-0. 000000000 

0.000000000 
-0.000000294 
-0.000001358 
-~0.000001769 
-0.000001317 
-0.000001047 
-0.000000965 
-0.000000895 
-0. 000000653 
-0.000000377 
-0.000000162 
-0.090000032 

0.000000000 

0.000000000 
-0.000002274& 
-0.000004887 
-0. 000003230 
-0.000002081 
-0.00000 1474 
-0.000001357 
-0.000001251 
-0.000000894 
-0.000000507 
-0.000000216 
-0.000000043 
-0.000000000 

0.000000000 
-0.000008218 
-0.000011613 
-0.000002910 
-0 ,000002984 
~0.000001210 


_70.00000 1501 


-0.000001373 
~0.000000966 
-6. 000000544 
-0.000000231 
-0.000000046 
0.000000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10. 990000000 
10.990000000 
10. 990000000 
10. 990000000 
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TABLE E.8 


CONFIGURATION ONE: PRESSURE AND VELOCITY RESULTS FOR 
VISCOSITY=10,000 CP AND N=5 


INITIAL VISCOSITY OF THE OIL= 10000.000 CP 


NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 25 


COLLOCATION PRESSURE 


VELOCITY IN 


VELOCITY IN 


POINT (PSI) X DIRECTION Y DIRECTION 
CM/S CM/S 

1 124.458881045 0.000000000 10. 990000000 
2 74.741527306 -0. 000000000 10.990000000 
3 38.631989630 70. 000000000 10.990000000 
4 22. 627962278 -0. 000000000 10.990000000 
5 14.683383180 0. 000000000 10.990000000 
6 12..098182456 -0.000000000 10.990000000 
7 7732727116 -0.000000000 10.990000000 
8 3. 640092418 0.000000000 10.990000000 
9 1.538850295 -0.000000000 10. 990000000 
10 1.022078701 0.000000000 10.990000000 
11 124.414753663 10. 990000000 0.000000000 
12 120.097658914 0.000008310 0.000008218 
13 73.565799546 0. 000002306 0.000011613 
14 38.447714599 0.000060389 0.500002910 
15 22.499 623668 0.000000262 0. 000002984 
16 14. 639435781 0. 000000097 0.000001210 
17 13.413418714 10.990000000 0.000001501 
18 12. 0382786 &4 0.000000124 0.000001373 
19 7.690 142419 0. 000000089 0. 000000966 
20 3.6 10432935 0.000000062 0.000000544 
oa 1.515324419 0.000000049 0.000000231 
22 1.000000000 0. 000000046 0.000000046 
?. 0.977951365 10.950000000 0.000000000 
24 73.6758066C8 10. 990000000 -0.000000000 
25 722544116541 0.000012065 0.000002214 
26 57.909128064 9.0900005330 9,90000987 
27 34.179353655 0.000001817 0. 000003230 
28 19.982904777 0.000001079 5.00000 2683 
2 13.317 150316 0.000000624 0.000001474 
30 11.965817958 10. 990000000 0.000001357 
31 10.717€65185 0.000000567 0.000001251 
32 6.721603201 0. 000000422 0.000000894 
33 2.930995060 0.000000297 0.000000507 
34 0.975512972 0.000060236 0.000000216 
35 0.493642476 0.000000222 0.000000043 
36 0.473130705 10. 990000000 0.000000000 
37 33.620891512 10.990000000 -0.000000000 
38 332481674198 0.000003895 0.000000294 
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CONTINUED 

39 30. 253820110 
40 20.997036414 
41 12.428200200 
42 8.004164070 
43 7039032061 
a4 6.149146754 
45 3.259720423 
46 0.464666887 
47 -0.9945344C4 
48 -1.355602302 
4g -1.371000490 
50 10.680283701 
51 10. 602162867 
52 9. 23343724 
53 5.862814807 
54 2-330179235 
55 0.310472677 
56 -0. 134511124 
57 -0.553147374 
58 -1.938027743 
59 —3.305658143 
60 - 4. 027853133 
61 -4.207306010 
62 -4.214939036 
63 -3.892€18061 
64 -3.875066439 
65 -3.839793763 
66 -4.434752893 
67 —5. 144541571 
68 -5. 545687421 
69 -5.639495883 
70 -5.725052631 
71 -6.008155950 
2 -6.289757274 
73 -6.439061054 
74 -62476 204286 
75 -6.477799470 
76 -7.0704€4576 
nT -7.070463162 
78 -7.070461145 
79 -7..0704584 16 
80 -7.070456736 
81 -7.070455249 
82 -7.070451205 
83 -7.0704%6477 
84 -7.070443373 
85 -7.070443284 
86 = 10, 248311126 
87 -10.265862037 
88 -10. 301131885 
89 -9. 706168719 
90 -8.996374578 
91 -8.595225362 
92 -8.501416100 
93 -8.415857167 
94 -8. 132745751 
95 -7.851134925 
96 -7.701824911 
97 -7.664681762 
98 -7. 663087180 


0.000004206 


- 0.000002731 


0.000001663 
0.000001244 
104990000000 
0.000001062 
0.000000815 
0.000000586 
0.000000469 
0.000000441 
10.990000000 
10. 990000000 
0.000004532 
0.000003593 
0.000002736 
0.000001960 
0.000001515 
10. 990000000 
0.000001339 
0.000001048 
0.000000766 
0.000000618 
0.000000581 
10.990000000 
10. 990000000 
0.000003202 
0.000003382 
0.000002756 
0.000002009 
0.000001591 
10. 990000000 
0.000001403 
0.000001108 
0.000000814 
0.000000658 
0.000000619 
10. 990000060 
0.000003623 
0. 000003374 
0.000002745 
0. 000002013 
0.000001591 
0.000001407 
0.000001110 
0. 000000816 
0.000000660 
0.000000621 
WO .99C CCS CIS 
0.000003202 
0.000003382 
0.000002756 
0.000002009 
0.000001591 
10.990000000 
0. 000001403 
0.000001108 
0.000000814 
0.000000658 
0.000000619 
10. 990000000 


0.000001358 
0.000001769 
0.000001317 
0.000001047 
0.000000965 
0.000000895 


0.000000653 


0.000000377 
0.000000162 
0.000000032 
0.0 
0.000000000 
0.000000157 
0.000000517 
0.000000663 
0.000000595 
0.000000479 
0.000000451 
0.000000423 
0.000000317 
0.000000186 
0.000000080 
0.000000016 
0.0 
0. 000000000 
-0.000000031 
0. 000000041 
0.000000143 
0.000000111 
0.000000102 
0.000000092 
0.000000086 
0.000000065 
0.000000038 
8.000000017 
0.000000003 
-0. 000000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.9900000900 
10. 990000000 
10.990000000 
10. 990000000 


~10.990000000 


10. 990000000 
-6 000065006 
0.000000031 
-0.000000041 
-0.000000143 
-0.000000111 
-0.000000102 
~0.000000092 
-0.000000086 
-0.000000065 
-0.000000038 
-0.000000017 
-0.000000003 
0.000000000 
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-24.821210896 
+24.743089351 
~23. 374360849 
-20.003734370 
-16.471093216 
-14.451383127 
-14.006398469 
~13elcL toss 2 
- 12. 202871147 
—10.835230449 
- 10. 113028107 

~9.933574453 
~9.925941961 
-47.761818029 
-~47.622600004 
-G4L39474K3041 
=355 137955102 
-26.569112900 
-22.1450726 83 
-21.179939616 
-20. 290051823 
-17.400615807 
-14.605548662 
-13.146335400 
-12. 785265251 
-12. 769867553 
-87.8 16733456 
—86.685042715 
<7 Tl tous t 3 1S 
—48.3202724E&9 
-34. 123817128 
-27-458058037 
-26.106724403 
-24.858768903 
-20.8€2495563 
-17.071868926 
~ 15. 1163€1526 
-14.634476264 
-14.613563967 


138 -138.555682448 
139 —-134.238586982 


140 -87.706724664 
141 =52.0c003 2225 
142 — 36. 640537721 
143 -28.780344915 
144 -27.554326479 
145 -26.179183890 
146 —-21.831035193 
147 - 17. 751505627 
148 -15.656 159264 
149 -15.1407880995 
150 - 15.118735649 
154 -138.599809785 
152 -88.882453053 
i353 -52.772910920 
154 -36.768876989 
155 -28.824292960 
156 -—26.239088328 
157 -21.8736204 76 
158 -17.780965647 
159 - 15.679 €84660 
160 -15. 162 8€3030 


10.990000000 
0.000004532 
0.000003593 
0.000002736 
0.000001960 
0.000001515 

10. 990000000 
0.000001339 
0.000001048 
0.000000766 
0.000000618 
0.000000581 

10. 990000000 

10. 990000000 
0.000003895 
0.000004206 
0.000002731 
0.000001663 
0.000001244 

10. 990000000 
0.000001062 
0.000000815 
0. 000000586 
0.000000469 
0.000000441 

10. 990000000 

10. 990000000 
0.000012065 
0.000005339 
0.000001817 
0.000001019 
0.000000624 

10.990000000 
0. 000000567 
0.000000422 
0. 000000297 
0.000000236 
0.000000222 

10.990000000 

10. 990000000 
0. 000008310 
0.000002306 
0.000000389 
0.000000262 
0.000000097 

10. 990000000 
0.000000124 
0. 000000089 
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0. G0000CG5Z 
0.000000049 
0.000000046 
10. $90000000 
0.000000000 
0.000000000 
-0.000000000 
0.0 
0.000000000 
-0.000000000 
0.0 
0.000000000 
-0.000000000 
0.0 


-0.000000000 
-0. 000000157 
-0.000000517 
-0.000000663 
-0.000000595 
-0.000000479 
-0.000000451 
-0.000000423 
-0.000000317 
-0.000000186 
-0.000000080 
-0.000000016 
0.000000000 
-0.000000000 
-0.000000294 
-0.000001358 
-0.000001769 
-0.00000 1317 
-0.000001047 
-0.000000965 
-0.000000895 
-0. 000000653 
-0. 000000377 
-0.000000162 
-0.000000032 
0.0 
0.000000000 
-0.000002214 
-0.090004887 
-0. 000003230 
-0.00000 2081 
-0.000001474 
-0.000001357 
-0.000001251 
-0. 000000894 
-0.000000507 
-0.000006216 
-0. 000000643 
-0.000000000 
-0. 000000000 
-0.000008218 
-0.000011613 
-0.000002510 
-0.000002984 
-0.000001210 
-9.000001501 
-v.000001373 
-0.000000966 
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-0.000000000 
10. 990000000 
10. 990000000 
10.990000000 
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10. 990000000 
10.990000000 
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CONFIGURATION TWO: 


INITIAL VISCOSITY OF THE OIL= 


TABLE E.9 


PRESSURE AND VELOCITY RESULTS FOR 
VISCOSITY=100 CP AND N=2 


100.000 CP 


NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 4& 


COLLOCATION 
POINT 


WDNAMNES WN 


10 


PRESSURE 
(PSI) 


1.699253216 
1.320997053 
1.124978045 
1.008670703 
1.699253216 
1. 655068647 
1. 302932906 
1.191017014 
1. 114614987 
1. 000000000 
0.991329297 
1.320997053 
1. 302932906 
1. 136812167 
1.064555539 
1.000000000 
0. 885385013 
0.875021955 
1. 191017014 
1.064555539 
0.935444461 
0. 808982986 
1.124978045 
1. 114614987 
1.000000000 
ON. 9354844064 
0.863 187833 
0.6970570S84% 
0.679002947 
1.008670703 
1.000000000 
0.885385013 
0.808982986 
0.697067094 
0.344931353 
0. 300746784 
0.991329297 
0.875021955 
0.679002947 
0. 300746784 


VELOCITY IN 
X DIRECTION 
CM/S 


-0.000000000 
0.000000000 
-0.000000000 
-0. 000000000 
10.3990000000 
0.000001915 
0. 000000796 
10.990000000 
0.000000469 
0.000000404 
10.990000000 
10. 990000000 
0.000003065 
0. 000001716 
10.990000000 
0.000001388 
0.000001553 
10. 990000000 
0.000001991 
0.000001593 
0.000001593 
0.000001991 
10. 990000090 
0.000001553 
0.000001388 
10. SSOGGIGGG 
0.000001716 
6.0000030€5 
10. 990000000 
10. 990000000 
0.000000404 
0.000000469 
10. 990000000 
0.000000796 
0.000001915 
10.990000600 
-0. 000000000 
-0.000000000 
0.0 
0.0 


VELOCITY IN 
Y DIRECTION 
CM/S 


10.990000000 
10.990000000 
10.990000000 
10.990000000 
-0.000000000 
0.000001915 
0.000003065 
0.000001991 
0.000001553 
0.000000404 
0.000000000 
-0.000000000 
0.000000796 
0.000001716 
0.00000 1593 
0.000001388 
0.000000469 
-0.000000000 
10. 990000000 
10.990000000 
10.990000000 
10.990000000 
-0.000000000 
0.000000469 
0.000001388 
0.00000 1593 
0.000001716 
0.000000796 
0.0 
0.000000000 
0.000000404 
0.000001553 
0.000001991 
0.00000 3065 
0.000001915 
0.0 
10. 990000000 
10.990000000 
10.990000000 
10. 990000000 
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CONFIGURATION TWO: 


DNEPEAL VE SCOS LY LORS LES Ot L— 


TABLE E.10 


PRESSURE AND VELOCITY RESULTS FOR 
VISCOSITY=10,000 CP AND N=2 


10000.000 CP 


NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 4&4 


COLLOCATION PRESSURE 


POINT 


WODNHAMNEWH 


(PSI) 


70. 925321552 
33. 099705303 
132497804492 
1.867070269 
70.925321552 
66. 506864720 
3 2293250627 
20-2 101701372 
12. 461498682 
1.000000000 
Oe ts2929731 
33. (99705303 
31.,293290627 
14.6281216660 
72455553897 
1.€00000000 
-10.461498682 
-~11.497804492 
20. 101701372 
7-455553 897 

~ 5. 455553697 
-18. 101701372 
13.497 804492 
12.461498682 
1.000000000 

~ 5. 455553897 
-12.681216660 
—29.293290627 
-31.099 705303 
1.867070269 
1. 000000000 
-10.461498682 
-18.101701372 
~-29.293290627 
-64.506864720 
-68.925321552 
0. 132929731 
-11.497804492 
=-31.2099705303 
~68.925321552 


VELOCITY IN 
X DIRECTION 
CM/S 


-0.000000000 
0.000000000 
-0.000000000 
0.0 
10.990000000 
0.000001915 
0.000000796 
10. 990000000 
0.000000469 
0.000000404 
10.990000000 
10. 990000000 
0.000003065 
0.000001716 
10. 990000000 
0.000001388 
0.000001553 
10.990000000 
0.000001991 
0.000001593 
0.000001593 
0.000001991 
10.990000000 
0.000001553 
0.000001388 
10.990000000 
0.000001716 
0.090003065 
10.990000000 
10.99000C000 
0.000000404 
0. 000000469 
10.990000000 
0.900000796 
0.000001915 
10.990000000 
0.000000000 


0.0 
-0.000000000 
0.0 


VELOCITY IN 
Y DIRECTION 
CM/S 


10.990000000 
10.990000000 
10.990000000 
10.990000000 
-0.000000000 
0.000001915 
0.000003065 
0.000001991 
0.000001553 
0.000000404 
-0.000000000 
-0. 000000000 
0.000000795 
0. 000001716 
0.000001593 
0.000001588 
0.000000469 
0.0 
10. 990000000 
10.990000000 
10.990000000 
10. 990000000 
-0.000000000 
0.000000469 
0.00006 1388 
0.000001716 
€. 000000796 
0.000000000 
0.0 
0.000000404 
0.000001553 
0.000001991 
0.900003065 
0.000001915 
0.0 
10. 990000000 
10.990000000 
10.990000000 
10. 990000000 
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TABLE E.11 


CONFIGURATION TWO: PRESSURE AND VELOCITY RESULTS FOR 


INITIAL VISCOSITY OF THE OIL= 


VISCOSITY=100 CP AND N=3 


100.000 CP 


NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 9 


* COLLOCATION 


POINT 


WwDNNMN ES WH = 


PRESSURE 
(PSI) 


1. 988869925 
1.533457 832 
1..251182955 
1. 160393302 
1.050 134430 
1.002598610 
1.,988 869953 
1. 945329422 
1.520076363 
1.247282129 
1. 202126004 
1. 157051901 
1..0475006C8 


1.000000000. 


0.997400451 
1.53345€380 
1.520076882 
1.359682893 
1, 183024121 
1.140728013 
1. 101913591 
1.000006148 
0.952 508463 
O.-949574504 
1.251184709 
1.247283846 
1.. 183025236 
1.069694732 
1.034352484 
1.000008603 
0.898101992 
0. 842962680 
0.839621215 
1. 202128214 
1.140729552 
1.034352859 
0. 965665180 
0. 859288295 


VELOCITY IN 
X DIRECTION 
Cu/S 


-0.000000000 


0. 000000000 
0.000000000 
0.000000000 
0.000000000 


-0.000000000 


10.990000000 
0.000003486 
0.000001097 
0. 000000334 

10.990000000 
0. 000000286 
0.000000228 
0.000000225 

10.990000000 

10.990000000 
0.000005256 
0.000002443 
0.000001215 

10. 990000000 
0.000001052 
0. 000000960 
0.000000979 

10.990000000 
0. 000001986 
0.000001920 
0.000001547 

10.990000000 
0.000001465 
0.000001602 
0. 000001820 

10.990000000 
0.000002102 
0.000001771 
0.900001515 
0.000001515 
0.000001771 


VELOCITY IN 
Y DIRECTION 
CM/S 


16.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
-0.000000000 
0.000003486 
0.000005256 
0-000001980 
0.000002102 
0.000001820 
0.000000979 
0.000000225 
0.000000000 
0.000000000 
0.00000 1057 
0.000002443 
0.000001920 
0.000001771 
0.00000 1602 
0.000000960 
0.000000228 
0.000900000 
0.000000000 
0.000000334 
0.00000 1215 
0.000001547 
0.000001515 
0.000001465 
0.000001052 
0.000000286 
0.000000000 
10 .990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
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CONTINUED 


0.797889409 
1. 160396049 
1.157054605 
1.101915593 
1..000009365 
0.965665556 
0.930323350 
0.8 16992827 
0.752734110 
0.748 833237 
1.050 140264 
1.047506295 
12000010081 
0.898103994 
0.859 289834 
0.816993942 
0. 640335622 
0.479941778 
0. 466 560287 
1. 002609424 
1.000010338 
0.952£14151 
0.842965384 
0.797891619 
0. 752735827 
0.47994%2297 
0.054689489 
0.-011148970 
0.997411265 
0.949880198 
0.839€23961 
0.748834991 
0.466560835 
0.011148999 


0.000002102 
10. 990000000 
0.000001820 
0.000001602 
0.000001465 
10. 990000000 
0.000001547 
0.000001920 
0.000001980 
10.990000000 
10. 990000000 
0.000000979 
0.000000960 
0.000001052 
10. 9390000000 
0.000001215 
0.000002443 
0.000005256 
10. 990000000 
10. 990000000 
0.000000225 
0-000000228 
0.000000286 
10.990000000 
0.000000334 
0.000001097 
0.000003486 
10.990000000 
-0.000000000 
0.000000000 
-0.000000000 
-0.000000000 
0.000000000 
-0.000000000 


10.990000000 
-0.000000000 
0.000000286 
0.00000 1052 
0.000001465 
0.000001515 
0.000001547 
0.000001215 
0.000000334 
0.0 
0.000000000 
0.000000228 
0.000000960 
0.000001602 
0.000001771 
0.000001920 
0.000002443 
0:000001097 
0.0 
0.000000000 
0.000000225 
0.000000979 
0.000001820 
0.000002102 
0 .000001980 
0.000005256 
0.000003486 
-0.000000000 
10.990000000 
10. 990000000 
10. 990000000 
10.990000000 
10.990000006 
10.990000000 
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CONFIGURATION TWO: 


TABLE E12 


PRESSURE AND VELOCITY RESULTS FOR 
VISCOSITY=10,000 CP AND N=3 


INITIAL VISCOSITY OF THE OIL= 10000.000 CP 
NOMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 9 


COLLOCATION PRESSURE 


POINT 


WODWIAMNF WH — 


(PST) 


99.886057167 
54.344 886312 
262117493975 
17.038611645 
6-013007688 
1.259907488 
99.886057195 
9568532006103 
53.006738325 
25-727409062 
21.211837451 
16.704 468313 
5-749611750 
1.000000900 
0.740091572 
54.344 €86860 
53.006738844 
36.967372803 
19.301573170 
15. 071994059 
11.1905€7763 
1.000006148 
-3.749602679 
a= SOVZSSSSCs 
26.117495729 
25. 7274710779 
19.301574284 
72968578179 
4. 434374003 
1.000 008603 
~9.190572173 
-14.704453732 
- 15. 038597128 
21. 211839662 
15.071995598 
4. 434374379 


VELOCITY IN 
X DIRECTION 
CM/S 


-0.000000000 
0.000000000 

-0. 000000000 

-0.000000000 
0.000000000 
0.0 

10. 990000000 
0.0000034 86 
0.000001097 


' 0.000000334 


10. 990000000 
0.900000286 
0.000000228 
0.000000225 

10.990000000 

10. 990000000 
0.000005256 
0.000002443 
0.000001215 

10.990000000 
0.000001052 
0.000000960 
0.000000979 


A2N AANNNNANDKRA 
evevyvyvuuvuVY 


10. 990000000 
0.000007980 
0. 000001920 
0.000001547 

10. 990000000 
0.000001465 
0. 000001602 
9.000001820 

10. 990000000 
0.000002102 
0.000001771 
0.000001515 


VELOCITY IN 
Y DIRECTION 
CM/S 


10.990000000 
10.990000000 
10.990000000 
10.990000000 
10. 990000000 
10.990000000 
-0.000000000 
0.0000034%86 
0.000005256 
0.000001980 
0.00000 2102 
0.000001820 
0.000000979 
0.000000225 
0.000000050 
-0.000000000 
0.000001097 
0.000002443 
0.000001920 
0.000001771 
0. 000001602 
0.0000009690 
0.000000228 
Vev 
0.000000000 
06.000000334 
0.00000 1215 
0.000001547 
0.000001515 
0.000001465 
0. 000001052 
0.000000286 
-0.000000000 
10.990000000 
10. 990000000 
10.99000000¢ 
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37 ~ 2.434 356339 
38 ~13.071977751 
39 -19.211822039 
40 17.038€14391 
41 16.704471017 
“42 11. 190£89764 
43 1.000009365 
44 -2.434355964 
45 -5.968560097 
46 -17.301556221 
47 ~23.727392823 
48 -24.117477783 
49 6.013013522 
50 5.749 617437 
51 1.000010081 
52 -9.150570178 
53 - 132071976212 
54 -17.301555107 
55 -34.9€7354289 
56 -51.006720184 
57 -52. 344868194 
58 1. 259918303 
59 1..000010338 
60 -3.. 749596992 
61 -14.704451028 
62 -19.211819829 
63 = 23.727391106 
64 -51.006719665 
65 -93.531987192 
66 -97.886038271 
67 0.740 102386 
68 -4.012993061 
69 -15.038594381 
70 -24. 117476029 
71 ~52.344867646 
72 ~97. 886038243 


0.000001515 
0.000001771 
0.000002102 
10.990000000 
0.000001820 
0.000001602 
0.000001465 
10.990000000 
0.000001547 
0. 000001920 
0. 000001980 
10. 990000000 
10.990000000 
0.000000979 
0.000000960 
0.000001052 
10.990000000 
0.000001215 
0.000002443 
0.000005256 
10.990000000 
10.990000000 
0.000000225 
0.000000228 
0.000000286 
10. 990000000 
0. 000000334 
0.000001097 
0. 000003486 
10.990000000 
-0.000000000 
0.000000000 
-0.000000000 
0.0 
0.000000000 
0.0 


10.990000000 
10.990000000 
10.990000000 
0.000000000 
0.000000286 
0.00000 1052 
0.000001465 
0.000001515 
0.000001547 
0.000001215 
0.000000334 
-0.000000000 
-0.000000000 
0.000000228 
0.000000960 
0.00000 1602 
0.000001771 
0.000001920 
0.000002443 
0.000001097 
-0.000000000 
0.000000000 
0.000000225 
0.000000979 
0.000001820 
0.000002102 
0.000001980 
0.000005256 
0.000003486 
0.0 
10.990000000 
10.990000000 
10. 990000000 
10.990000099 
10.990000000 
10.390000000 
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CONFIGURATION TRO: 


INITIAL VISCOSITY OF THE OIL= 


TABLE E.13 


PRESSURE AND VELOCITY RESULTS FOR 
VISCOSITY=100 CP AND N=4 


100.000 CP 


NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 16 


COLLOCATION 
POINT 


wo DOHWADMNSWHD a 


PRESSURE 
(PSI) 


2» 213532493 
1. 726977279 
1.. 378588361 
1.240539404 
1.176301182 
1.090222678 
1.,021792722 
1. 000961063 
2e2ise32093 
2- 170096360 
1.714862171 
1. 376363900 
1.2386€5$397 
1.203495726 


121750653 93" 


1.089 189332 
1.020827231 
1. 000000000 
0.999038937 
1. 726977279 
1.714862171 
1,5598513969 
1. 330837258 
1.204798417 
1.175979201 
1. 149 383240 
1.067259357 
1. 000000000 
0.979172769 
0.978 207278 
1.378588361 
1.376363900 
1. 330837258 
1.215042441 
1.120894419 
T209 7525705 
1.074937508 
1.000000000 


VELOCITY IN 
X DIRECTION 
CM/S 


0.000000000 


-0.000000000 
-0.000000000 
-0.000000000 
-0.000000000 


0.000000000 
0.000000000 
0.000000000 
10.990000000 
0.000005608 
0.00000160€ 
0.000000314 
0.000000259 
10. 990000000 
C.0000600172 
0.000000146 
0.000000136 
0.000000136 
10. 9900004500 
10. 990000000 
0.000008176 
0.000903613 
0.000001332 
0.000000949 
76. 936000000 
0.000000777 
0.000060671 
0.000000645 
0.000000648 
10.990000000 
10.990000000 
0.000002555 
0.000002684 
0.000001830 
0.000001403 
10.990000000 
0.000001308 
0.000001241 


VELOCITY IN 
Y DIRECTION 
CM/S 


10. 990000000 
10.990000000 
10. 990600000 
10.990000006 
10.990000000 
10.990000000 
10.990000000 
10.$90000000 
0.000000000 
0.000005608 
0.000008176 
0.00000 2555 
0.000002724 
0.€00002094 
0.000001917 
0.000001328 
0.000000648 
0.000000136 
0.000000000 
-0.000000000 
0.00000 1606 
C. 000003613 
0. 000002684 
0.000002106 
6-060661950 
0.000001804 
0.000001292 
0.000000645 
0.060000136 
0.0 
-0.000000000 
0.000000314 
0.00000 1332 
0.090001830 
0.000001674 
0.00000 1627 
0.000001559 
0.000001241 
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CONTINUED 


0.932740643 
0.910810668 
0.909777322 
1.240 539404 
de 238659397 
1. 204798417 
12120894419 
1. 042499703 
1.021137229 
1.000000000 
0.925062492 
0-850616760 
0.824974607 
0.823698818 
1.203495726 
te 979204 
TSORTS2Z5 165 
12021137229 
0.978 862771 
0. 902474835 
0.824020799 
0. 796504274 
1. 176301182 
1. 175085393 
1. 149383240 
1.074937508 
1.000000000 
0.978862771 
0.957500297 
0.879105581 
0.7952015€3 
0.761340603 
0.759460596 
1.090 222678 
1,.089989332 
15067259357 


1.000000000 - 


02925062492 
0.902474835 
0.879105581 
0.784957559 
0.669 162742 
0.623636100 
0.621411639 
1.021792722 
1.020 827231 
1.000000000 
0.932740643 
0. 656616760 
0.824020799 
0.7952015&3 
0. 669162742 
0.445486031 
0.285137829 
0.273022721 
1.000961063 
1. 000000000 
0.979172769 
0.910810668 
0.824914607 


0.000001292 
0.000001329 
10.990000000 
10. 990000000 
0.000002724 
0.000002108 
0.000001674 
0.000001510 
10. 990000000 
0.000001480 
0.000001559 
0.000001804 
0.000001917 
10. 990000000 
0.000002094 
0.000001950 
0.000001627 
0.000001501 
0.000001501 
0.000001627 
0.000001950 
0.000002094 
10990000000 
0.000001917 
0.000001804 
0.000001559 
0.000001480 
10. 990000000 
0.000001510 
0.000001674 
0.000002108 
0.000002724 
10.990000000 
10.990000000 
0.000001329 
0.000001292 
0.000001241 
0. 000001308 
10. 990000000 
0.000001403 
0.000001830 
0.000002684 
0.000002555 
10.990000000 
10.990000000 
0. 000000648 
0.000000645 
0.000000671 
0.000000777 
10.990000000 
0.000000948 
0.000001332 
0. 000003613 
0.000008176 
10.990000000 
10. 990000000 
0.000000136 
0.000000136 
0.000000146 
0.000000172 


0.000000671 
0.000000146 
0.0 
-0. 000000000 
0.000000259 
0.000000949 
0.000001403 
0.000001510 
0.000001501 
0.000001480 
0.00000 1308 
0.000000777 
0.000000172 
0.0 
10.990000000 
10.990000000 
10. 990000000 
10. 990000000 
10.990000000 
10.990000000 
10. 9930000000 
10.2°9000000 
-0.000000000 
0.000000172 
0.000000777 
0.00000 1308 
0.000001480 
0.000001501 
0-000001510 
0.000001403 
0. 000000949 
0.000000259 
-0. 000000000 
-0. 000000000 
0.000000146 
0.000000671 
0.00000124%4 
0.000001559 
0.000001627 
0.000001674 
0. 000001830 
0.000001332 
0.000000314 
-0 000000000 
0.000000000 
0-000000136 
06.000000645 
0.00000 1292 
0.00090 1804 
0.000001950 
0.000002108 
0.000002684 
0.000003613 
0.00000 1606 
0.0 
-0.000000000 
0.000000136 
0.000000648 
0.090001329 
0.000001917 
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0.796504274 
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0.623636100 
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-0.170096360 
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0.978207278 
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0. 8236988618 
0.759460596 
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0.273022721 
-0. 213532493 


10. 990000000 
0.000000259 
0.000000314 
0.000001606 
0.000005608 

10. 990000000 
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-~0.000000000 
0.000000000 

-0. 000000000 

-0. 000000000 
0.0 
0.0 

-0.000000000 
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0.000002724 
0.000002555 
0.000008176 
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TABLE E.14 


CONFIGURATION TWO: PRESSURE AND VELOCITY RESULTS FOR 


VISCOSITY=10,000 CP AND N=4 


INITIAL VISCOSITY OF THE OIL= 10000.000 CP 
NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 16 


COLLOCATION PRESSURE 


POINT 


WODONANANLSWhH = 


Stest} 


122.353249324 
73.697727881 
38.858&36077 
25.053940375 
18.630118188 
10.022267763 

Selig zieers 
1. 096106318 

122.353249324 

118.009636043 
72.4%86217099 
38. 636390025 
24.865939747 
21.349572601 
18.5085£39280 

9.918 933218 
3.082723051 
1. 000000000 
0.903893682 
AS22632 727981 
72.486217099 
56-451396891 
34.083725767 
212479841662 
18.597920077 
15.93832u0u5 
7-725935690 
1.000000000 
- 1.082723051 
wi, I9elzens 
38.858836077 
38.636390025 
34.083725767 
22-504244097 
13.089441872 
10.7525164€&3 
8. 493750800 
1.000000000 
-5.725935690 


VELOCITY IN 
X DIRECTION 
CM/S 
0.000000000 
-0.000000000 
-0.000000000 
0.000000000 
0.000000000 
0.000000000 
-0.000000000 
0.0 
10. 990000000 
0. 000005608 
0.000001606 
0.000000314 
0.000000259 
10. 990000000 
0.000000172 
0.000000146 
0. 000000136 
0.000000136 
10.990000000 
10.990000000 
0.000008176 
0.000003613 
0.000001332 
0. 000000949 
10.990000000 
9.000000671 
0.000000645 
0.000000648 
10.990000000 
10.990000000 
0.000002555 
0.000002684 
0.000001830 
0.000001403 
10.990000000 
0.000001308 
0.000001241 
0.000001292 


VELOCITY IN 
Y CLIRECTION 
CM/S 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
0.000000000 
0.000005608 
0.000008176 
0.000002555 
0.000002724 
0.000002094 
0. 000001917 
0.000001329 
0.000000648 
0.000000136 
0.000000000 
-0.000000000 
0.00000 1606 
0.000003613 
0.004902684 
0.000002108 
0.000001950 
o.000007804 
0.00000 1292 
0.000000685 
0.000000136 
-0.000000000 
-0.000000000 
0.000000314 
0.00000 1332 
0.000001830 
0.000001674 
0.00000 1627 
0.000001559 
0.000001241 
0.000000671 
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40 -7.918933218 
41 ~8.022267763 
42 25.053940375 
43 24. 865939747 
44 21.479 841662 
45 13.,.089441872 
46 5-249970285 
47 3. 113722881 
48 1. 000000000 
49 -~6.493750800 
50 - 134938324045 
50 -16.5085339280 
Die -16.630118188 
a3 21.349572601 
54 18.557920077 
55 10.752516483 
56 3. 113722881 
57 Tetisdaseo 
58 ~8.752516483 
59 =16. 597920077 
60 —-19.3495726C1 
61 18.630118188 
62 18.508539280 
63 15.938324045 
64 8. 493750800 
65 1.000000000 
66 HHaetioieeep | 
67 =3.24%9970285 
68 -—11.089441872 
69 -19. 479841662 
70 =22.8659397497 
71 -23. 053940375 
72 10.022267763 
t3 959138933218 
74 1. 125930090 
735 1.000000000 
76 -6.493750800 
a, ~8.. 7525164883 
78 -11.089441872 
cs -20.504244097 
80 -32.083725767 
81 -36.636390025 
82 ~36.858836077 
83 Se tI9Z) 2243 
84 3.062723051 
85 1.000000000 
86 -5.725535690 
87 - 43. 935324045 
68 -16..597920077 
&g 719.479841662 
90 -32.083725767 
91 -54.451396891 
SZ -70.486217099 
23 -71.697727881 
94 1.096106318 
95 1.000000000 
96 -1.082723051 
97 - 72918933218 
98 - 16.508539280 
aa -19.349572601 


0.000001329 
10.990000000 
16. 990000000 
0.000002724 

0.000002108 

0.000001674 

0.000001510 
10. 990000000 

0.000001480 

0.000001555 

0.000001804 

0.000001917 
10.990000000 

0.000002094 

0.000001950 

0.000001627 

0.000001501 

0.000001501 

0.000001627 

0.000001950 

0.000002094 
10. 990000000 

0.000001917 

0.000001804 

0.000001559 

0. 000001480 
10. 990000000 

0.000001510 

0.0000016 74 

0.000002108 

0.000002724 
10.990000000 
10. 990000000 

0.000001329 

0.000001292 

0.000001241 

6.000001308 
10. 990000000 

0.000001803 

0.000001 830 

0.000002684 

0.000002555 
10. 990000000 
10.930000000 

0.000000648 

0.000000645 

0.900000671 

0.000000777 
10. 900000900 

0.000000943 

0.000001332 

0.000003613 

0.000008176 
10. 990000000 
10. 990000000 

0.000000136 

0.000000136 

0. 000000146 

0.000000172 
10. 990000000 


0.000000146 
0. 000000000 
0.000000000 
0.000000259 
0. 000000949 
0.000001403 
0.000001510 
0.000001501 
0.000001480 
0.00000 1308 
0.000000777 
0.000000172 
0.0 
10.990000000 
10-990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.9900090000 
-0.000000000 
0.000000172 
0.000000777 
0.000001308 
¢.000001480 
0.000001501 
0.000001510 
0.000001403 
0.000000949 
0.000000259 
-0.000000000 
0.000000000 
0.000000146 
0.000000671 
0.000001241 
0.00000 1559 
0.000001627 
0.00000 1674 
0.000001830 
0.00000 1332 
0.000000314 
0.090000000 
-0.000000000 
0.000000136 
0.000000645 
0.06009 7292 
0.00000 1804 
0.009001950 
0.000002108 
0. 000002684 
0.00000 3613 
0.000001606 
0.0 
~0.000000000 
0.000000136 
0.000000648 
0.000002329 
0.000001917 
0.000002094 
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100 -22.,865939747 
101 -36.636390025 
102 -70. 486217099 
103 -116.009636043 
104 - 120. 353249324 
105 0.903893682 
106 =A IISZIz2i5 
107 -8.022267763 
108 - 16.630118188 
109 = 252053940375 
110 -36.858836077 
111 -71.€57727881 
112 - 120. 353249324 


0.000000259 
0.000000314 
0.000001606 
0.000005608 
10.990000000 
0.000000000 
-0.000000000 


00000000 


0.000002724 
0.000002555 
0.000008176 
0.000005608 
0.000000000 
10.990000000 
10.930000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
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CONFIGURATION TWO: 


INITIAL VISCOSITY OF THE OIL= 


TABLE E.15 


PRESSURE AND VELOCITY RESULTS FOR 
VISCOSITY=100 CP AND N=5 


100.000 CP 


NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 25 


COLLOCATION 
POINT 


ODNHNNOLSWH = 


PRESSURE 
(PSI) 


2. 395794653 
1..693573156 
12514036351 
1.325556066 
1. 223481067 
1. 185775722 
1..119491111 
1.050122807 
1.0 10663730 
1.0004406S3 
2-395794659 
20 3524029711 
1.,882020956 
1.5123487532 
1. 32434E961 
1. 223057438 
1., 204854747 
1.1851€0689 
1.118988901 
1..049672205 
12010223472 
1. 000000000 
0-999558146 
15993573370 
eect 
4.7241273002 
1. 4732748547 
1.300976262 
1., 210206070 
4a'1903 78:252 
1. 171585111 
1.107509133 
1. 039267538 
1.000008814 
0.9€9789833 
0.. 989349338 
1.514037077 
1.512348252 


VELOCITY IN 
X DIRECTION 
CM/S 


0.000000000 
-0.000000000 
0.000000000 
-0.000000900 
0.000000000 
-0.000000000 
0.000000000 
0.000000000 
-0.000000000 
-0.000000000 
10. 990000009 
0.000008264 
0.000002263 
0.000000356 
0.000000246 
0.9000000094 
10.990000000 
0.000000128 
0.000000105 
0.000000094 
0.000000092 
0.000000092 
10.9900090000 
10. 990000000 
Core cettess 
0. 000005125 
0.000001655 
0. 000000938 
0.000000608 
10.990000000 
0.000000583 
0.000000502 
0.000000459 
0.000000452 
0.000000452 
10.990000000 
10. 990000000 
0. 000003351 


VELOCITY IN 
Y LIRECTION 
CM/S 


10.990000000 
10.990000000 
10.990000000 
10. 990000000 
10.990000000 
10.990000000 
10.990000000 
10. 990000000 
10.990000000 
10.990000000 
0.000000000 
0.000008264 
0.090011834 
0.000003351 
C.090003566 
0.000001829 
0.000002122 
0.000001993 
0.00000 1547 
0.000000985 
0.000000453 
C.8S9000092 
0.000000000 


_-0.000000000 


O.000C0 2263 
¢.000005123 
0.006003699 
0.000002699 
0.000052132 
0.000002017 
0.000001909 
0.000001512 
0.000000976 
0.000000452 
0.000000092 
0.0 
-0.000000000 
0.000000356 
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1. 107513497 
12065672487 
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TABLE E.16 


CONFIGURATION TWO: PRESSURE AND VELOCITY RESULTS FOR 


VISCOSITY=10,000 CP AND N=5 


INITIAL VISCOSITY OF THE OIL= 10000.000 CP 
NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 25 


COLLOCATION PRESSURE 


POINT 


-_ 
QwWoOonNnNnfWD 


11 


(PSI) 


140. 577633529 
90.355507869 
52-401873336 
33..553919678 
232346485189 
19.575996330 
12. 947679224 

62011103645 
22065725493 
12044126816 

140.577633535 

136.2384638C2 
89.200292361 
bo PAE ab he oe a} 
33- 433213516 
23- 304132330 
21. 483876607 
19.514 497329 
12.837461466 

5-966C45947 
2-0216E7948 
1.000000000 
0.955872144 
90.355508009 
89.200292495 
73-125506044 
48.325705078 
31.095948159 
22.018989991 
20.036275932 
18.156940570 
11. 74946S4S90 
4..925540507 
1.000007940 
-0.021€75946 
-0.065713696 
52. 401873993 
5 2.232$96608 


VELOCITY IN 
X DIRECTION 
CM/S 


0.000000000 
0.0 
0.000000000 
0.000000000 
-0.000000000 
0.000000000 
0.000000000 
-0.000000000 
0.0 
-0.0000000090 
10. 9909090000 
0.000008264 
0.000002263 
0.000000356 
0.000000246 
0.000000094 
10. 990000000 
0.000000128 
0.000000105 
0.000000094 
0.000000092 
0.000000092 
10. 990000000 
10. 990000000 
0.0000171834 
0.000001655 
0. 060000338 
0.000000608 
10.990000000 
0.000000583 
0.000000502 
0-909000459 
C.000000452 
0.000000452 
10.990000000 
10.990000000 
0.000003351 


VELOCITY IN 
Y DIRECTION 
CM/S 


10.990000000 
10.990000000 
10.2990000000 
10.°90000000 
10.990090000 
10.990000000 
10.990000000 
10. 990000000 
10.990000000 
10. 990000000 
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0.000001829 
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0.000001993 
0.000001547 
0.000000985 
0.000000452 
0.000000092 
G.000000000 
0.000000000 
0.00900 2263 
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0.000003€99 
0.000002699 
0.000002132 
0.000002017 
0.00000 1909 
0.000001512 
0.000000976 
0.000000452 
0.000000092 
-0.000000000 
0.000000000 
0.000000356 
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39 48. 325705593 
40 36.602601239 
41 24. 263446211 
42 16855314089 
43 15. 109493505 
44 13438918766 
45 7565392380 
46 1..000012380 
47 -2.925518453 
48 - 3.966 024568 
49 -4.011082212 
50 33.553921245 
51 33- 433215076 
52 312095949569 
53 24. 263447072 
54 15.533066344 
as 9.443234044 
56 72935955612 
57 6.455023925 
58 1.000014659 
59 -5.565364805 
60 -9.749443267 
61 -10.8974354¢1 
62  -10.947653181 
63 23.346487625 
64 23. 304134758 
65 22.018992241 
66 16.855315720 
67 9.443234760 
68 3.870185831 
69 2. 430975388 
70 1..000015866 
a ~4. 454993273 
72  -11.438889393 
73° -- 164 156912049 
74 = -17.514468762 
75 --17.575967675 
76 21. 4€3879293 
77 20.036 278428 
78 15. 109495355 
79 7.935956522 
80 2. 430975576 
81 -0. 430943359 
82 -5.935924611 
83 -13. 109463686 
84  -18.0362468e4 
85 -19.483847552 
26 29.575339260 
87 19.514 £00254 
88 18. 156943327 
eg 13. 438920845 
90 6. 455025032 
91 1.000016243 
92 -0. 430943172 
93 - 1.870 153698 
94 -7. 443202890 
95  -14.855284030 
96  -20.018960629 
97 = 21. 304102932 
98  -21.346455708 


0.000003699 
0.000002354 
0.000001477 
0.000001205 
10. 990000000 
0.000001101 
0.000001001 
0.000000962 
0.000000976 
0.000000985 
10.990000000 
10.990000000 
0.000003566 
0.000002699 
0.000002083 
0.000001643 
0.000001450 
10.990000000 
0.000001404 
0.000001365 
0.000001419 
0.000001512 
0.000001547 
10. 990000000 
10. 990000000 
0.000001829 
0.000002132 
0.000001861 
0.000001586 
0.000001505 
10. 990000000 
0.000001489 
0.000001531 
0.000001709 
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10.990000000 
0.000002122 
0.000002017 
0.000001781 
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0.000001499 
0.000001499 
0.000001562 
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0.000001861 
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0.000001829 
10.990000000 


0.000001655 
0.000002354 
0.000002083 
0.00000 1861 
0.000001781 
0.000001709 
0.000001419 
0.000000962 
0.000000459 
0.000000094 
0.0 
0.000000000 
0.000000246 
0.000000938 
0.000001477 
0.00000 1643 
0.00000 1586 
0.000001562 
0.00000 1531 
0.000001365 
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0. 000000502 
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-0.000000000 
-0.000000000 
0.000000094 
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0.000001205 
0.000001450 
0.000001505 
0.000001499 
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0.000001404 
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0.0 
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10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.3990000000 
10. 990000000 
10.990000000 
0.000000128 
0.000000583 
0.900001101 
0.000001404 
0.000001489 
0.000001499 
9.090991505 
0.000001450 
0.000001205 
0.000000608 
0.000000094 
0.000000000 
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29 12. 947683493 
100 12.897465720 
101 11.749 473437 
102 7- 565395431 
103 1.000016565 
r04 ~4.454992165 
105 = Det S99 257102 
106 - 72 443202174 
107 = 13.533034572 
108 -22.. 263415269 
109 -29.095917696 
110 -31. 433182945 
111 =31.553889019 
112 6.011110386 
113 59660526 66 
114 4.925546714 
115 1.000017049 
116 -5.565361754 
117 -11.4388873 13 
118 - 13. 109461835 
Ls — 14. 855282398 
120 -22. 263414408 
121 -34.602569172 
122 ~46. 325673316 
123 ~50.232964036 
124 -50.401841325 
TZ2 22065737212 
12 2-021699516 
127 1.000017399 
128 - 22925512246 
129 —-9.749 439320 
130 -16. 156909292 
+3. - 18.036 2443 £7 
U2 -~20.018958379 
133 -29.0959 16286 
134 -46.325672801 
135 -71.125473500 
136 -87. 200259659 
| ~88.355 475078 
138 1.044 145121 
139 1.000017736 
140 -0.021664379 
141 -3.966017849 
142 -10.897431237 
143 -17.514465837 
144 -19. 4E3844865 
145 -217.304100504 
146 - 31. 433181384 
147 -50.232963385 
148 -87. 200259525 
149 —134. 238430710 
150 -138..577600352 
157 0.955890449 
152 -0.065701977 
153 ~4.011075471 
154 -10.947648911 
155 -17.575964744 
156 -21.346453271 
157 -31.553887452 
158 -50.,401840668 
159 -88. 355474939 
160 -138.577600346 


10. 990000000 
0.000001547 
0.000001512 
0.000001419 
0.000001365 
0.000001404 

10. 990000000 
0.000001450 
0.000001643 
0.000002083 

. 02000002699 
0.000003566 

10. 990000000 

10.990000000 
0.000000985 
0.000000976 
0.000000962 
0.000001001 
0.000001101 

10.990000000 
0.000001205 
0.000001477 
0.000002354 
0.000003699 
0.000003351 

10.990000000 

10.990000000 
0.000000452 
0.000000452 
0.000000459 
0.000000502 
0.000000583 

10.990000000 
0.000000608 
0.000000938 
0.000001655 
0.000005123 
0.000011834 

10. 990000000 

10. 990000000 
0.000000092 
0.000000092 
0.000000094 
0.000000105 
0.000000128 

10.990000000 
0.000000094 
0.000000246 
0.606000356 
0.000002263 
0.000008264 

10.990000000 

-0.000000000 

-0.000000000 

-0. 000000060 
0.0 
0.0 
0.0 


-0. 000000000 


0.0 
0.000000000 
0.000000000 


0. 000000000 
0.000000105 
0. 000000502 
0.000900 1001 
0.000001365 
0.000001531 
0.000001562 
0.00000 1586 
0.00000 1643 
0.000001477 
0.000000938 
0.000000246 
0.000000000 
0.000000000 
0.900000094 
0.000000459 
0.000000962 
0.000001419 
0.000001709 
0.000001781 
0.000001861 
0: 000002083 
0.000002354 
0.000001655 
0.000000356 
-0.006000000 
0.000000000 
0.000000092 
0.000000452 
0.000000976 
0.000001512 
0.000001909 
0.00000 2017 
0.000002132 
0.000002699 
0.000003699 
0.000005123 
0.000002263 
0.000000000 
-0.000000000 
0.000000092 
0.000000452 
0.000000985 
0 .000001547 
G.000001993 
0.000002122 


' 0.000001829 


0.00000 3566 
0.560063351 
0.000011834 
0.000008264 
0.0 

10.990000000 
10.990000000 
15. 590000000 
10.990000000 
10. 990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10. 990000000 
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Concentration Results from Convection Diffusion Equation 
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A value of 10.99 in the velocity columns indicates that the 
velocity at that collocation point was not evaluated. 
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TABLE F.1 


CONPIGURATION ONE: CONCENTRATION RESULTS FOR 
DISPERSION COEFFICIENT=.0001075 SQ.CM/S AND N=3 


INITIAL VISCOSITY OF THE OIL= 100.000 cP 


KD= 0.0001075SQ.CM/S 
NUMBEE OF INTERIOR COLLOCATION POINTS PER ELEMENT= 9 


TIME=50,000 S 


DT=50,000 S 

PRESSURE VELOCITY I8 VELOCITY IN CONCENTRATION 

(PSI) X DIRECTION Y DIBECTION 

C4a/s CH/S” IMPLICIT R-K 
METHOD HETHOD 

1. 828773953 -0.000000000 10.9°0000000 0.0057388 0.0087286 
1. 395770126 C.000000000 10.990000000 0.0000115 0.0000118 
1. 156293268 -0.0000000900 10.990000000 -0.0000015 -0.0000016 
1.093897308 -9.000000000 10.990000000 0.0000003 -0.0 
1.0264366C7 0.000000000 10.990000000 -0.0000000 -0.0 
1.001309415 -0.000000000 10.990000000 0.0000000 -0.0 
1. €26174900 10.990090000 -0.0€0000000 0.0087394 0.0087291 
1. 763944216 0.000003598 0.000003373 0.0076994 0.0076904 
1.381502060 0.000001174 0.000004810 6.-0000101 0.-0000104 
1.152174607 0.000090353 0.009001360 -0.0000014 -0.0000014 
1.121433160 10. 9590000000 0.00000 1474 0.0002191 0.0902186 
1.0960773736 0.000000267 0.000001199 0.0000003 0.0 
1.024689370 0.000000151 0.000000533 -0.0000000 0.0 
1. 000000000 0.000000113 0.0€0000112 0. 0900000 0.0 
0.998710335 10.990000000 0.000000000 -0.0000168 -0.0000168 
1. 365640597 10.590000000 0.000000000 0.0000137 0.0000141 
1. 334006465 0.900005789 0.0C0000946 0.0000121 0.0000124 
1.203668649 €.0€0002820 0.000001860 0.0000000 0.0000000 
1.063631182 €.000001307 0.000001115 -0.0006090 -9.0000050 
1. 060035134 10.920000000 0.000000955 0.0000003 0.0G900004 
1.039920776 0. 000000960 0.000000797 0.0000000 0.0 
0. 994632706 0. C00I0565 6.000000377 -0.0000090 0.0 
0.977193298 0.0000004845 0.090000077 0.0000009 0.0 
0.976306574 10. 990000000 -0.000000000 -0.0000000 -0.0000000 
0. 995908837 1€. 990000900 0.000000066 -0.0000033 =0.9000023 
Ce SSIS TSO GeUUDVU3STT9 0.000000067 -0.0000029 -0.0009029 
0.9817262C7 0.000002717 0.G00000259 -0.090G60G0 -G.0006006 
9. 259801095 Ge 00000 1736 0-U00000271 0.0000000 0.0009000 
0.953659550 10.990000000 0.000000228 -0.0000001 -~0.0000061 
0.948916384 0.000001276 0.000000189 -0.0000000 0.0 
0.938014976 C.000000805 0.000000092 0. 0000000 0.0 
0.933729126 €.000000621 0.00000.0019 -0.0000000 0.0 
0.933511264 1€0.990000000 -0.000900000 0.0000000 0.0000000 
0.919316895 0.000003576 10.990000000 0.0002183 0.0002176 
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CONTINUED 


0.919316689 
0.919316243 
0.$19315898 
0.919315274 
0.919314863 
0. 842724974 
0. 643502213 
0. 856906969 
0. 879231393 
0. 664972592 
0. 829715354 
0.9006715535 
0. 904900598 
0.905118405 
0. 492993197 
0.504627306 
0. 634964686 
0. 755001169 
0. 778596830 
0.798710760 
0. 843995013 
0. €61434767 
0. 862321354 
0.0124538879 
6. 054689537 
0.457131234 
0.-686457602 
0.717198596 
0. 747857567 
0. 813939173 
0. 238624250 
0- 839913476 
0.009859799 
0. 482863164 
0. 682338930 
0. 744733978 
GO. 812191825 
0. 837314922 


0.000002726 
0.000001739 
0.000001291 
C.000000816 
0. 000000629 
10.990000000 
0. 090003179 
0. 000002717 
0.000001736 
10.990000000 
0.000001276 
0.000000805 
0.000000621 
10.990000000 
10.990000000 
0.000005789 
0.000002820 
0.0000013907 
10. 99.0000000 
0.000000960 
0.000000583 
0.000000445 
10.950000000 
10.9°0000000 
0.000003598 
0.090001174 
0.000900353 
10.990000000 
0.000000267 
0.000000151 
0.0€0000113 
10. 990000000 
0.000000000 
-0.000000000 
0.0 
0.000000000 
0.0 
0.060000000 


10.990000000 
10.990009000 
10.990000000 
10.990000000 
10.990090000 
-0.000000000 
~0.000000067 
-0.000000259 
-0.000000271 
-0.000000224 
-0.000000189 
-0.000000092 
-0.000000019 
0.0 
0.000000000 
-0.000000946 
-0.000001860 
-0.000001115 
-0.000000955 
-0.0C€0000797 
-0.000000377 
-0.000000077 
0.0 
0.900000000 
-0.090003373 
-0.000004810 
-0.00000 1359 
-0.05000 1474 
-0.000001199 
-0.000000533 
-~0.000000112 
0.9 
10.990600000 
10.996090000 
10.°60000000 
10.9°6006900 
10.990090000 
10.940000000 


0.0000003 
-0.0000000 
0.0000000 
-0.0000000 
0.0000000 
0.0000008 
0.0000007 
0.0000000 
-0.0000000 
0.0000000 
0.0000000 
-0.0000000 
0.0000000 
-0. 0000000 
~0.0000004 
-0.0000003 
-0.0000000 
-0.0000000 
-0.0000000 
0.0060000 
-0.0000000 
~—0. 0000000 
0.0000000 
0.0000002 
0.0000001 
-0.0000000 
0.0000000 
0.0000000 
-0.00C0000 
0.0090000 
-0. 0000000 
-6.00C00G0 
-0.0000165 
-0.0000000 
0.0000000 
-0.0000000 
0.0000000 
-0.0000000 
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TABLE P.2 


CONPIGURATION ONE: CONCENTRATION RESOLTS POR 
DISPERSION COEFPICIENT=.01075 SQ.CM/S AND H=3 


INITIAL VISCOSITY OF THE OIL= 100.000 CP 


DT=50,000 $s 
COLLOCATION PRESSURE VELOCITY IN VELOCITY IW CONCENTRATION COLLOCATION 
POINT (PSI) X DIRECTION Y DIRECTION POINT 
CN/S CH/S IMSEFLICIT R-K 
SETHOD METHOD 
1 1.828773953 -0.000000000 10.990000000 0.0086009 0.0083523 1 
2 1.395770126 0.000000090 1C€.990000000 0.00006592 0.0000521 2 
3 1. 156293 268 -0.000000000 10.990000000 -0.0000209 -0.0000338 5) 
a 1. 093897308 ~9.000000000 10.990000000 0.0000072 -0.0 4 
5 1. 026436607 0.000000000 10.990000000 -0.0000007 -0.0 5 
6 1. 001309815 -0.000000000 10.990000000 0.0000003 -0.0 6 
7 1. 6261745900 10.990000900 -0.090000000 0.0086014 0.0083528 7 
& 12783944216 0. 000003598 0.000003373 0.0075870 0.0073677 8 
$ 1. 381502060 0.000001174 0.0000048 10 0.0000523 0.0000460 9 
10 1. 152174607 0.000000353 0.000001360 -0.0000185 -0.0000298 10 
11 1.121433160 1€.990000000 0.000001474 0.0002057 0.0001899 11 
12 1.090773736 0.9000000267 0.000001199 0.0000064 0.0 12 
13 1.024689370 0.000000151 0.000000533 -0.0000006 0.0 13 
1a 1. (90000000 0.000000113 0.060000112 0. 0000003 0.0 14 
Us 0.$98710335 1€.990900000 0.000000000 -0.0000144 -0.0000196 15 
16 1. 345640537 10.990000000 0.000000000 0.0000614 0-0000543 16 
17 1. 334006465 0. 000005789 0.0C000094E 0.0000542 0.0900479 17 
18 1.203668649 0.000002620 0.900001860 0.0000007 0.0000004 18 
19 1.083631182 0.000001307 0.000001115 -0.0000002 -0.0000002 19 
20 1.0€0035134 10.990000000 0.090000955 0.0000014 0.0000012 20 
21 1. 039920776 0.000000960 0.000000797 0.0000001 0.0 21 
ae 0. 994634706 0.000000583 0.000000377 ~0.0000000 0.0 22 
23 0. 977193298 0.0000004845 b-006000677 0-0001)06 6.9 23 
24 0. 976306574 10.950000000 -0.060000000 -0. 0000001 -0.0000001 24 
25 0. 995908837 10.990000000 0.000000000 -0.0000226 -0.0000354 25 
26 0-955%31576 0.900003179 0.000000067 -90.0000199 -0.0000312 26 
27 0.9817264C7 0.000002717 0.0000002545 -0.0000002 ~U.-UGU000Z Zi 
28 0.959401085 G0. 00000TT36 0-0060000271 0.0000001 0.0000002 28 
29 0. 953659550 10. 990000000 0.000000224 ~0.0000095 -0.0000008 29 
30 0. 948916384 0.000001276 0.9000000189 -0.0000000 0.0 30 
31 0. 938014976 0.000000805 0.000000092 0.0000000 0.0 31 
32 0.933729126 0.000000621 C.000000019 -0.0000000 0.0 32 
33 0.933511264 10.990000000 -0.000000000 0.0000000 0.9900001 33 


KD= 0.0107500SQ.CMH/S 
RUMBER OF INTERIOR COLLOCATION POINTS PER ELEMERT= 9 


TIME=50,000 S 
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CONTINUED 


0.919316895 
0.919316€89 
0. 919316243 
0.919315898 
0.919315274 
0.919314863 


02842724974 


0.843502213 
0. 856906969 
0. 879231393 
0. 884972592 
0. 889715354 
0. 900615535 
0.904900598 
0.. 905118409 
0. 492993197 
0. 504627306 
0. 634964686 
0. 755001169 
0. 778596830 
0. 798710760 
0. 843995013 
0. 861434767 
0. 862321354 
0.012458879 
0.054689537 
0.457131234 
0. 686457602 
0.717198598 
0.747857567 
0. 813939173 
0. 838624250 
0. 8399143476 
0. 009859799 
0. 442863164 
0. 682338930 
Ou. 744733978 
0.-812191825 
0. 827314422 


0.000003576 
0.000002726 
0.000001739 
0.000001291 
C.000000816 
0.000000629 
10.990090000 
0.000003179 
0.000002717 
0.000001736 
10.990000000 
C.000001276 
0.000000805 
0.000000621 
10.990000000 
10. 990000000 
0.000005789 
0.000002820 
0.000001307 
10.990000000 
0.000000960 
0.00000090583 
0.000000445 
10.990000000 
10.990000000 
0.000003598 
0.006001174 
0. 000000353 
10.990000000 
C.000000267 
0.000000151 
0.000000113 
10. 990000000 
0.000000000 
-0.000000000 
0.0 
0.000000000 
C.0 
C.000000000 


10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.2990000000 
1€.990000000 
-0.000000000 
-0.0060000067 
-0.00000025% 
-0.000000271 
-0.000000224 
-0.900000189 
-0.000000092 
-C€.000000019 
0.0 
0.000000000 
-0.000000946 
-0.000001860 
-0.000001115 
-0.009000955 
-0.060000797 
-0.000000377 
-€.000000077 
0.0 
0.000000000 
-0.000003373 
~0.000004810 
-0.000001359 
-0.000001474 
-0.000001199 
-0.009000533 
-0.000000112 
0.0 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 


0.0002049 
0.0000013 
-0.0000005 
0.0000002 
-0.0000000 
0.00C0000 
0.0000076 
0.0000067 
0.0000001 
-0.0000000 
0.0000002 
0.0000000 
-0.0000000 
0.0000000 
-0.0000000 
-0.0000010 
70.0000009 
-0.6000000 
0.0000000 
-0.0000000 
-0.0000000 
0.0000000 
-0.0000000 
0.0000000 
0.0000005 
0.000004 
0.0000000 
-0.0000090 
0.0000000 


' 0.0000000 


-0. 0000000 
0. 0090000 
~0.0000000 
-0.0000141 
-0.0000001 
0.0000000 
~0.0000000 
0.0000000 
-0.0000060 


0.0001889 

0.0000012 
-0.0000007 
-0.0 
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TABLE F.3 


CONPIGURATION ONE: CONCENTRATION RESULTS FOR 
DISPERSION COEFPICIENT=.0001075 SQ.CM/S AND N=5 


INITIAL VISCOSITY OP THE OIL= 100.000 CP 


KD= 0.000 1075SQ.CMu/S 
NUMBER OF INTERIOR COLLOCATION POINTS PER ELESENT= 25 


TIME=50,000 S 


DT=50,000 §S 


PRESSURE 
(PSI) 


2- 234607128 
1. 737433350 
1.37€337514 
1. 216296452 
1. 136850047 
1. 110997583 
1., 067341590 
1. 026412€95 
1.005394 578 
1.000220212 
2.234165861 
Z- 190994862 
1.725676028 
1. 374494719 
1.215013063 
1. 136410532 
1.124150168 
1. 110395502 
1.06€915711 
1.026116075 
42005759637 
1.000000000 
0.999778939 
1. 72ET77E296 
ie TIDGSIIOG 
4~ 5607109222 
1.33716i11033 
1. 189845828 
1. 123187673 
1. 109674172 
1.097194358 
1. 057230470 
1.019322084 


VELOCITY IN 


I DIRECTION 
CH/S 


-0.000000000 
0.000000000 
-0.000000000 
-0.000000000 
-0.000000000 
-0.000000000 
0.000000000 
-0.000000000 
0.000000000 
-0.000000000 
10. 990000000 
6.000008310 
C.000002306 
0.000000389 
0.000000262 
0.000000097 
10.590000000 
0.000000124 
0.060000089 
0.060000062 
0.0¢0000049 
0. 000000046 
10.950000000 
410.99000000G0 
0.000012065 
€. 600905339 
0.000001817 
C.000001019 
0.000000628 
10.990000000 
0.000090567 
0.000000422 
0.000000297 


VELOCITY IN 
Y DIRECTION 
CH/S 


10.990000000 
10.990000000 
10.990000000 
190.990000000 
10.9900000090 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
-0.000000000 
0.000008218 
0.0000116 13 
0.0000029 10 
0.000002984 
0.000001210 
0.000001501 
0.000001373 
0.900000366 
0.000000544 
0.000000231 
0.000000046 
0-000000000 
0.000002215 
G. 000004887 
0.000003230 
0.000002081 
0.000001474 
0.000001357 
0.000001251 
0.000000894 
0.006000507 


CONCENTRATION 
IMFLICIT R-K 
METHOD METHOD 
0-0461953 0.0458244 
~ 0.0003190 0.0003498 
-0.0000300 -0.0000397 
0.0000174 0.0000238 
-0.0000062 70.0000085 
0.0060020 -0.0 
-0.0060003 -0.0 
0.0000001 -0.0 
-0.00€0000 -0.0 
0.0060000 -0.0 
0-0461482 0.0458278 
0.0472828 0.0410013 
0.0002854 0.0003129 
-0.0000268 -0.0000355 
0.0000155 0.0000213 
-0.0060055 -0.0000076 
0.0003819 0-0003756 
0.0000018 0.0 
-0.0000003 0.0 
0.0000001 @..0 
-0.0000000 0.0 
0.0000000 0.0 
-0.0000122 -0.0000121 
Ce CST SS tt UeVUU563Z 
0-0092962 8.0003248 
9-.9000018 0.0006015 
-0.0000002 -0.0000002 
0.-0000001 0.0000001 
-0.0000000 -0.0000000 
0.0000027 0.0000030 
0.00006000 0.0 
-0.0000000 0.0 
0.0000000 0.0 
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0.999763864 
0-994943017 
0-994737782 
1. 326227252 
4. 324835028 
1. 292556261 
1. 199988026 
1. 114299050 
1.070058200 
1. 060406743 
1.0515£07648 
1.022612394 
0.$54660298 
0. 980066789 
0. 976455723 
0. 976301766 
1.096821423 
1.096040164 
1.082352697 
1. 048646139 
1.013319300 
0.993121893 
- 988671966 
0.9844854 16 
0.970635880 
0. 956958608 
0.949735906 
6. 947941227 
- 2947864928 
0.5£1052704 
0. 951268170 
0.9516205697 
0.945670817 
0.$938572534 
C. 934560825 
0.9353522680 
0.932766954 
0.929935330 
0.527118607 
0. 925625095 


~ 0.925253672 


0-925237764 
0.91931427S 
0.219314096 
0. 919313838 
0.919313490 
0.919313277 
0.919313086 
0.91535725€5 
0.£9193511957 
0.9193%7559 
- 2919311548 
0. 887535858 
0. €87360360 
0. 837007407 
0.892956771 
0.900054357 
0. 904065639 
0. 905003683 
0. 905859127 


0. 000000236 
0.000000222 
10.950000000 
10.990000000 
0.000003895 
0.000004206 
C.000002731 
C.000001663 
0.0000012348 
10. 990000000 
0.000091062 
0.000000815 
0.000000586 
0.000000469 
C.0C00000441 
16. 290000000 
1C. 990000000 
0.000004532 
0.000003593 
0.000002736 
0.000001960 
C.000001515 
1€. 990000000 
0.000001339 
0.000001648 
0.000000766 
0.000000618 
€.000000581 
1C€. 990000000 
10.999000000 
0.000003202 
€.000003382 
0.000002756 
9.000002009 
0.000001591 
19.9°90000000 
0.009601463 
0.000001108 
0.000000814 
0.000000658 
0.000000619 
10.990000000 
C.000003623 
0.000003374 
0.000002745 
0.000002013 
0.090001591 
0.000001907 
0-0000071TI0 
0.000000816 
0.000000660 
0.000000621 
1¢.990000000 
G-009003202 
0.000003382 
0.000002756 
0.000002009 
0.000001591 
10.990009000 
C.000001403 


0.000000216 
C.000000043 
0.090900000 


-0.000000000 


0.000000294 
0.000001358 
0.000001769 
0.000001317 
0.000001047 
0.000000965 
0.000000895 
0.000000655 
0.090000377 
0.000000162 
0.000000032 
0.0 

0.000000000 
0.000000157 
0.0000900517 
0.000000663 
0.000900595 
0.000000479 
0.000000451 
0.000000423 
0.000000317 
0.000000186 
0.000000080 
0. 000000016 
0.0 


-0.000000000 
-0.000000031 


0.000000041 
0.000000143 
0.000000111 
0.000000102 
0.0000000$2 
0.00000003€ 
C.900000065 
0.0000000 38 
0.000000017 
0.000000003 
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1€.990000000 
1€.990000000 
10.990000000 
10.990000090 
10.990900000 
10.990000000 


10.990000000 


10.9%0000000 
10.950000000 
10.S200C00000 


0.060000000 
0.920000031 


-0. 000000041 
-0.000000143 
-0.000000111 
~0.000000102 
-0.0€00009092 
-C.00C0000086 


-0. 0000000 
0.0000000 
-0.0000001 
-0.0000395 
-0.0000354 
-0.0000003 
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-0.0000000 
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-0.0000003 
-0.0000000 
0.0000000 
-0.0000000 
0. 0000000 
-0.0000000 
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-0.0000000 
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-0.0000000 
-0.0000137 
-0. 0000123 
-0.0000001 
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0.0000000 
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0.0000000 
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0.0000026 
-0.0000002 
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0.0000000 
-0. 00 3000 
0.0000000 
-0.0000000 
0.0000000 
0.0000037 
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0.0000000 
-0.0000000 
0.0000009 
~0.0000000 
0.0000000 
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0.0 

0.0 
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-0.0000003 

0.0000000 
-0.0000000 

0.0000000 
-0.0000004 
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0.0000316 
0.0000001 

-0.0000000 
0.0000000 
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-0.0000001 

0.0006000 
-0.0000000 
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-0.0000001 
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94 
35 
96 
o7 
98 
99 
100 
101 
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103 
104 
105 
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107 
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0. 908689709 
0.911505210 
0. $12997921 
0. 913369357 
0. 913385344 
0.74 1606887 
0. 742588053 
0. 756275154 
0. 789581189 
0. 825307313 
0. 845504271 
0. 649954089 
0. €54140350 
0. €67988797 
). 861664743 
0. €€8886499 
0. €90681082 
0. 890757450 
0.512400976 
0. £13793108 
0. 546071503 
0-628639194 
0. 724327403 
0. 7€8567732 
0. 778219053 
0.7&7117828 
0. 816011833 
0- 843962176 
0. €5€554142 
0. 862164920 
0. 662318942 
0.111851979 
0.123168 83S 
0.276518585 
0. 506816208 
0.648780591 
0. 715438145 
0.728951484 
0. 747430946 
0.781393369 
0. €19299371 
0. 838854326 
Ou €43673269 
6. 893878438 
0. 3955357344 
—0. 352366438 
0. 112952019 
0.464132755 
0.€23613570 
0-702215471 
0. 774475660 
0. 7262726996 
0.771708184 
0-812505230 
0. 833456586 
0. 838610392 
0. 838830961 
-0.395978617 
0- 101194783 
0. 462290047 
0.622330226 
0~ 701776040 
0.72762800%4 
0. 771282381 
0.812208681 
0. 633221384 
0. €38389694 


0.000001198 
6.000000814 
C.0C09006€58 
0.000000619 
10.990000000 
1€.9390000000 
0.000004532 
0.000603593 
0.000002736 
0.€00001960 
0.000001515 
10.990000000 
0.000001339 
0.000001048 
0.000000766 
0.000000618 
0.000050581 
10.990090000 
10.990000000 
0.000003695 
0.000004206 
C.000992731 
0. 000001663 
0.000901244 
10.990000000 
0.000001062 
0.000000815 
0.000000586 
0.000000469 
C.000000441 
10.990000000 
10. 990000000 
0.000012065 
0.000005339 
0.000001817 
0.000001019 
0.000000624 
1€.950000000 
0.090000557 
0.0000004922 
0.000000297 
C.000000236€ 
0. 000000222 
1€.990000000 
10.990000000 
0.000008310 
0.000002396 
0.000000389 
0.000000262 
0.000000097 
10.990000000 
0.000000124 
C.000000089 
0.000000062 
0.000000049 
0.000000046 
10.990000000 
-0.000000000 
0.0 
-0.000000000 
0-4 


00000000 
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0. 
0. 
0. 
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-0.000000065 
-0.000000038 
-0.000000017 
-0.090000003 
0.0 
0.000000000 
-0.000000157 
-0.000000517 
-0.0009000663 
-0.000000595 
-0.000000479 
-0.000000451 
-0.000000423 
-0.000009317 
-0.000000186 
-0.000000080 
-0.090900016 
-0.900000000 
0.0€0000000 
-0.000000254 
-0.000001358 
-0.000001769 
-0.000001317 
-0.00000 1047 
-0.0000009€5 
-0.900000895 
-0.000000653 
-0.000000377 
-0.000000162 
-0.000900032 
0.000000000 
C.000000090 
-0.000002214 
-9.000004887 
-0.000903230 
-0.000002081 
-0.000001474 
-0.000001357 


-0.000001251 © 


-0.000000894 
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-0.000000216 
~¢.000000043 
-0.000000000 
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-0.000011613 
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TABLE FP.G4 


--CONPIGOURATION ONE: CONCENTRATION EESULTS ¥OR 
DISPERSION COEFFICIENT=.01075 SQ.CM/S AND R=5 


INIZTIAL VISCOSITY OF THE OIL= 
KD= 0.0107500SQ.CH/S 
NUMBER OF INTERIOR CCLLOCATION POINTS PER ELEMENT= 25 
TIME=50,000 S 


100.000 CP 


DT=50,000 $ 

PRESSURE VELOCITY IN VELOCITY IN CONCENTRATION 

(PSI) X DIRECTION Y DIBECTION 

CH/S CM/S IMPLICIT R-K 
METHOD METHOD 

2- 234607128 -0.000000000 1€.990000000 0.0430028 0.0367040 
1. 737433350 0.900000000 10.990000000 0.0011293 0.0009224 
1. 376337514 -0.000090000 10.990000000 -0.0001575 -0.0001864 
1. 216296452 -0.000000000 10.990000000 0.0000958 0.0001348 
1. 136850047 -0.040960000 10.990090000 —0.0001136 -0.0002525 
1.116997563 -0.000000000 10.990000000 0.0000464 -0.0 
1.067341590 0.000000000 10.°90000000 -0.0000024 -0.0 
1.02€412695 -0.000000000 10.990000000 0.0000010 -0.0 
1. 005394578 0.000000000 10.990000000 -0.0000007 -0.0 
1.000220212 -0.000000000 10.990000000 0.0000006 -0.0 
2- 234165861 1€.990000000 -0.000000000 0.0430052 0.0367067 
2- 190994862 0.000008310 0.000008218 0.03€5935 0.0329442 
1. 725676028 C€.000002306 0.000011613 0.0010%66 0.0008283 
1. 374494719 0.000000389 0.000002910 -0.0001418 -0.0001675 
4. 215013063 0.000000262 0.000002984 0.000C0862 0.0001210 
1, 136410532 0.000006097 0.000001210 -0.0001022 -9.0002267 
1.124150168 10. 990000000 0.000001501 0.0002993 0.0001529 
1. 110398502 0.0°00000124 0.000001373 0.0000417 0.0 
1.066915711 0.C60000089 0.000000S966 ~0.0000022 0.0 
1.026116075 0.000000062 0.000000544 0.0000009 20 
1.005159837 0.000000089 0.000000231 -0.0000007 Ue 
1. 000060000 0.000000046 0.0C0000046 0.0000006 0.0 
0.999778939 10.990000000 0.000000000 ~0.0900064 -0.G0C00049 
1. 726776296 10.990000000 0.nhnHnn000F 0.00992907 A O609229 
1.715459344 0.000012065 0.0€0002214 0.0010258 9.9008377 
Yn 560109222 C. 000005333 0.6€00045887 G,4690463 0.0009234 
1.331811033 C€.000001817 0.00:0003230 -0.0000964 -0.0000050 
1. 189845628 0.000001019 0.000002081 0.0000037 0.0900034 
Toiezo1ecod3 0.000000624 0.000001474 -0.0040043 -0.0000063 
1. 109674172 10.990000000 0.000001357 0.0000067 0.0000035 
1.097194358 0.00000567 0.000001251 0.0000016 0.0 
1. 057230470 0.000000822 0.000000894 -0.0000001 0.0 
1. 049322084 0.000000297 0.000000507 0.0000009 9.0 
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CONTINUED 


0. 999763 864 
0.994943017 
0.994737782 
1. 326227252 
1. 324835028 
1. 292556261 


“1. 199988026 


1. 114299050 
1..070058200 
1. 060406743 
1.051507648 
1.022612394 
0. 994660298 
0. 960066789 
0.976455723 
0- 976301766 
1.096€621423 
1..096040164 
1. 082352657 
1. 048646129 
1.013319300 
0. 993121893 
0.98E€71966 
0.384485416 
0.970635860 
0. $56958608 
0.945735906 
0.947941227 
0.9476824928 
0.$951052704 
0.95126 8170 
0. 951620697 
0.945670817 
0. 938572534 
0.934560825 
0. 933622680 
0.932766954 
0.929935330 
0.927118607 
0.925625095 
0.925253672 
0.925237764 
0.919314279 
0.919314096 
0.919313838 
0.9193134S50 
0.919313277 
0.9149313086 
0.919312565 
0.919311957 
O- SNSS I 559 
A. SI193415UHR 
G. 857535858 
0.667360300 
0. 687007407 
0. 892956771 
0.900054357 
0. 904065639 
0. 905003683 
0.. 905859127 


0.000000236 
0.000000222 
10.9390000000 
10.999000000 
0.000003895 
0.000004206 
0.000002731 
0.000001663 
0.000001244 
10. 9590000000 
0.040001062 
0.000000815 
0.000000586 
0.060000469 
0.000000441 
10.990000000 
1C€. 990009000 
C.000004532 
0.000003593 
0.000002736 
0.000001960 
0.060001515 
1C. 9290000000 
0.000001339 
0.000001048 
0.000000766 
0.000000618 
C.000000581 
1€. 990000000 
10.990000000 
0.000003202 
0.060003382 
0. 000002756 
0.000002009 
C.000001591 
10. 390000000 
0.000001403 
0.900001108 
0.000000614 
0.000000658 
0.000000619 
10.990000000 
0.000003623 
C.000003374 
0.000002745 
0.000002013 
0.000001591 
0.0000014907 
0.000001110 
0.G00000816 
0.000000660 
6. 000000621 
16.990000000 


6.0009003202 


0.000003382 
0.000002756 
0.000002009 
C.000001591 
10.990000000 
0.000001403 


0.000000216 
C.000000043 
0.000000000 
-0.090000000 
0.000000294 
0.000001358 
0.000001769 
0.000001317 
0.000001047 
0.000000965 
0.000000895 
0.000000653 
0.000006377 
0.000000162 
0.000000032 
0.0 
0.060000000 
0.000000157 
0.000000517 
0.000000662 
0.000000595 
0.000000479 
0.0C0000451 
0.000000423 
0.000000317 
0.000000186 
0.000000080 
0.000000016 
0.9 
~0.000000000 
-0.000000031 
0.000000081 
0.0C0000143 
0.000000111 
0.000000102 
0.00°0000092 
0.000000086 
C.000000065 
0.000000038 
0.0C0000017 
0.000000003 
0.0 
10.990000000 
10.950000000 
10.990000000 
10.9290000000 
10.990000000 
10.990000000 
10.990000000 
10.99000090090 
10.9960000C0 
1€.550000000 
0.000000000 
€.d000000031 
-0.000000041 
-0.000000143 
-0.000000111 
-0.000090702 
-0.000000092 
-0.000000086 


-0.0000000 
0.0000000 
-0.0000001 
-0.0001652 
~0.0001487 
~0.0090067 
0.0000009 
-0.0000005 
0.0600006 
-0.0000010 
-0.0000002 
0.00€0000 
-0. 0000000 
0.Q000000 
-0. 0000000 
0.0000000 
0.0001025 
0.0000922 
0.0000039 
-0.0000006 
0.0000003 
-0.0000004 
0.0000006 
0. 0000002 
-0.0000000 
0.0000000 
-0.0000000 
0.0000000 
-0.0000000 
-0.0091168 
-0.0001069 
-0.0000045 
0.0000006 
-0.0000064 
9-0000005 
~0. 0000007 
-0.0000002 
0.0000000 
-0.0000000 
0.0900090 
-0.000600¢6 
0.0000000 
0.000296€1 
0.0000065 
-0.9C00009 
0.0000006 
-0.0060007 
0.0000003 
0.9000008 
-0.0000000 
6.0095009 
0.0000468 
0.Q000421 
G.00360 16 
-0.0000002 
0.6000001 
-0.0000002 
0. 0000003 
0.0000001 


0.0 

0.0 
-0.0000001 
-0.0001964 
-0.0001764 
-0.0000051 

0.0000011 
-0.0000008 

0.0000014 
-0.0000007 


0.0000000 
0.0001438 
0.0001291 
0.0000036 
-0.0000008 
0.0000005 
-0.0000010 
0-0900005 


0.0 
-0.0000000 
-0.0002586 
-0.0002322 
-9.0000063 

0.0000013 
-0-0000010 

0.0000016 
~0.0000003 


0.0000000 
0.0001487 
0.0000034 
-0.0000006 
0.0000005 
-0.0000009 


0.0 
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0. 908689709 
0.911505210 
0. 912997921 
0.913369357 
0.913385344 
0. 741806887 
0. 742588053 
0. 756275154 
0. 789981189 
0. 825307313 
0. 845504271 
0. 849954089 
0. 654140350 
0. €67988797 
0. 881664743 
0.888886499 
0. €90681082 
0. 890757450 
0.5124009 76 
0. 513793108 
0. 546071503 
0.€38639194 
0. 724327403 
0. 7€8567732 
0.778219053 
0.787117828 
0. 816011833 
0. 843962176 
0. 858554142 
0. €62164920 
0. 862318942 
0. 111851979 
0. 123168839 
0. 278518585 
- 506816208 
0.648780591 
0.715438145 
0.778951484 
0. 741430946 
0-7813933€S 
0. 819299371 
0. 838854326 
0. 843673269 
0. 843878438 
-0. 395537344 
-0. 352366436 
0.112952019 
0~- 464132755 
0-623613570 
0.702215471 
0. 714475660 
0. 728226936 
0.771708184 
Q-8%12505230 
0. 833456586 
0. 836€10392 
0. 638830961 
-0. 395978617 
0.101194783 
0. 462290047 
0. 622330226 
0. 701776040 
0.727628001 
0. 771282381 
0. 812208601 
Ow 8332273 E4 
0. 6383389694 


0.000001108 
0.000090814 
C.000000658 
0.000000619 
10.94C0000000 
1€. 920000000 
0.000004532 
0.000003593 
0.00000273€ 
0.000001560 
0.000001515 
10.990000000 
0.000001339 
0. 000001048 
0.060000766 
0.000000618 
0.000000581 
10. 990000000 
10. 990000000 
0.000003895 
0.000004206 
0.000002731 
0.000001663 
0.000001244 
10.990000000 
0.000001062 
0.000000815 
0.000000586 
0. 000000469 
0.00000044% 
10.930000000 
1€.990000090 
0.000012065 
0.000005339 
0.000001817 
0.000001019 
0.000000624 
10.990000000 
0. 000000567 
0.000000422 
0.090000297 
C.000000236 
C.000000222 
10.990000000 
10.990000000 
0.000008310 
0.000002306 
0.000000389 
0.000060262 
0.000000097 
10.$90000000 
0.000000124 
0.000000089 
0.000000062 
0.000000049 
0.000000046 
10. 990000000 
-0.000000000 
0.0 
-0.000000000 
0.0 
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0 
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0. 
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-0.000000065 
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-0.000000017 
-0.000000003 
0.0 
0.0C00000000 
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-0.000000517 
-0.000000663 
-0.000090595 
-0.000000479 
-0.000000451 
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-0.000000317 
-0.000000186 
-0.000000080 
-0.0000000 16 
-0.000000000 
0.000000000 
-0.000000294 
-0.000001358 
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-0.00000 1047 
-0.000000965 
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-0.000000162 
-0.000000032 
0.000000000 
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-0.000002214 
-0.000004887 
-0.060003230 
-0.000002081 
~0.000001474 
-0.000001357 
-0.000001251 
-0.000000894 
-0.000000507 
-0.000000216 
-C.000000043 
-0.090009000 
0.000000000 
-0.000008218 
-0.000011613 
-0.000002910 
-0.00000 7964 
-0.009001210 
-0.000091501 
=9.00000 43735 
-0.000000966 
—o.gcudagsaa 
-0.000000231 
-0.000000046 
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10.940000000 
10.920000000 
10.9£0000000 
10.950900000 
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10.9£0000000 
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10.990000000 
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10.9$0000000 
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TABLE F.5 


CONFIGURATION TWO: CONCENTRATION RESULTS FOR 
DISPERSION COEFPICIENT=.0001075 SQ.CM/S AND W=3 


INITIAL VISCOSITY OF THE OIL= 
KD= 0.0001075SQ.CH/S 
NUMBER OF INTERIOR COLLOCATION POINTS PER ELESENT= 9 
TIME=50,000 S 


100.000 CP 


DT=50,000 S$ 
COLLOCATION PRESSURE VELOCITY I¥ VELOCITY IW CONCENTRATION COLLOCATION 
POINT (PSI) X DIRECTION Y DIfECTION POINT 
Ca/s Cass IMNFIICIT R-K 
KETBOD METHOD 
1 1. 988869925 -0.000090000 10.990000000 0.0087392 0.0087289 1 
2 1.. 533457 @32 0.090000000 10.990000000 ~ 0.0000125 0.0000128 2 
3 41. 251182955 0.000009000 10.990000000 -0.0000022 ~0.0000022 3 
& 1. 160393302 0.000000000 10.990000000 0.0000005 -0.0 g 
5 1.050134430 0.000000000 10.99000C0000 -0.0000001 -0.0 5 
6 1. 002598610 -0.000000000 10.990000000 0.0000000 -0.0 6 
7 1. 988869953 10.990000000 -0.000000000 0.0087392 0.0067289 7 
8 1. 945329422 C. 000003486 0.000003486 0.0076994 0.9076994 8 
9 1.520076363 0.000001097 0C.000005256 0.0000110 0.0000113 9 
10 1. 247282129 C.000000334 0.000001980 -0.0000619 -0.0000019 10 
11 1.202126004 10.990000000 0.000002102 0.0062188 0.0002182 11 
12 1. 157051901 0.000000286 0.000001820 0.0000004 0.0 ae 
Sy 1.047500605 0.000900228 0.000000979 -0.0000001 0.0 13 
14 1. 000000000 0.000000225 0.000000225 0.00C€0000 0.0 V4 
NS 0.997400451 10. 990000000 0.000000000 -0.0000167 -0.0000768 15 
16 1. £32458380 10. 990000000 0.000000000 0.0000125 0.0000128 16 
17 1.520076882 0.000005256 0.000001097 0.0000110 0.0000113 17 
18 1. 355682853 0.000002443 0.00000 2443 0.90€0000 0.0000000 18 
19 1. 183024121 €.000001215 0.000001920 -0.0090000 -0.0000000 19 
20 1. 140728013 10.990000000 0.000001771 0.0000003 €.0000003 29 
21 T. 101913591 0.000001052 0.00000 1602 0.0000000 0.0 21 
22 1. 000006148 3.000000960 6.000000960 ~0.0000000 0.0 22 
23 0.$52508463 0.000000979 0.000000228 0. 0000000 0.0 Px! 
24 C2. 949874304 710.990G00600 opr eneverevoreverarg) —0.annAaAnn -O_ An9agg0g ayo 
25 1.251184709 1€.990000000 0.000000000 -0.0006022 -4.0000622 25 
26 1..247283 846 0.00000TS8O 0.600666335 -¢G.00G0019 -0.0000019 26 
27 1. 183025236 0.000001920 C.000001215 -0.0000900 ~0.00090000 Pat) 
z& 1.065694732 0.000001547 0.000001547 0.00000060 0.-0000000 28 
2¢ 1.034352484 1€.990000000 0.000001815 -0.0000001 -0.0000001 29 
30 1.0000086023 0.000001465 0.00000 1465 -0.0000000 0.0 30 
31 0..898101992 0.000001602 0.00000 10582 0.0000000 0.0 31 
Sy 0. 862962680 0.000001820 C.000000286 -0.0000000 0.0 32 
33 0. 839621215 10.990000000 0.000000000 9.0900900 9.000000C 33 
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1. 202128214 
1. 140729552 
12034352859 
0. 965665180 
0. 655288295 
0. 797889409 
1. 16(€396049 
121570546C5 
1. 101915593 
1. 000009365 
0. 965665556 
0. $30323350 
0.616992827 
0. 752734110 
0- 748833237 
120501402648 
1.047506295 
1.000010081 
0. 898103994 
0. 659289834 
0.616993942 
0. 640335622 
Oo 479941778 
0. 466560287 
1. €02609424 
1. 000010338 
0.952514151 
0- 842965384 
0.757891619 
0. 752735827 
On 479982297 
0.054689489 
0.011148970 
0. 9974611265 
0.949880198 
0. 35623961 
0. 7488345991 
0. 466560835 
0.0171145999 


0.000002102 
0. 090001771 
0.000001515 
0.000001515 
0.000001771 
0.000002102 
10.990000000 
0.000001820 
0. 000001602 
0.0000014E5 
10.990000000 
C.090001587 
C. 000001920 
0.000001980 
10.990000009 
10.990000000 
0.000000979 
0.600000960 
0.000001052 
10.990000000 
0.000001215 
0.000002443 
C.060005256 
10. 960000000 
1¢€. 990000000 
0.000000225 
0.0C€0000228 
0.000000286 
10.£90000900 
0.000000334 
0.9000001097 
0. 000003486 
10.990000000 
~0.000000000 
0.000000000 
-C.000000000 
-0.000000000 
0.000000000 
-0.000000000 


10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
-0.000000000 
C.000000286 
0.000001052 
0.000001465 
0.06000 1515 
0.00000 1547 
€.000001215 
0.000000334 
0.0 
0.000000000 
0.000000228 
0.000000960 
0.00000 1602 
9.060001771 
0.000001920 
0.000002443 
0.0C€0001097 
0.0 
0.090000000 
0.000000225 
0.000000979 
0.000001820 


0.000002102 


0.000001980 

0.000005256 
0.00000 3486 
-0.000000090 
10.990000000 
10.990900000 
10.990000000 
10.990000000 
10.990000000 
19.990000000 


0.0002188 
0.0000003 
-0.0000001 
0.0000000 
-0.0000000 
0.0000000 
0.0000005 
0.0000004 
0.0000000 
-0.0000000 
0.0000000 
0.0000000 
-0.0000000 
0.0000000 
~0.0000000 
-0.0000001 
-0. 0000001 
-0.0000000 
0. 0000000 
-0.0000000 
-0. 0000000 
0.0000000 
-0.0000000 
0.0000000 
0.00C0000 
0.0000000 
0.0000000 
-0.00006000 
0. 00C0000 
0-0000000 
-0.0000000 
0.0000000 
-0.0000000 
-0.0000767 
-0. 0000000 
0.0000000 
-0. 0090000 
0.0000000 
-0.0000009 


0.0002182 

0.0000003 
-0.0000001 
-0.0 
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TABLE F.6 


CONFIGURATION TWO: CONCENTRATION RESULTS POR 
DISPERSIO“K COEFPPICIERT=.01075 SQ.CN/S AND H=3 


INITIAL VISCOSITY OF THE CIlL= 100.000 CP 


KD= 0.0107500S5Q.CH/S 
NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 9 


TINE=50,000 S 


DT=50,000 S 

PRESSURE VELOCITY IN VELOCITY IN CONCENTRATION 

(PSI) X DIRECTION Y DIRECTION 

Ch/S CH/S ISPLICIT R-K 
METHOD METHOD 

1. 988869925 -C.060000000 10.990000000 0. 0086012 0.0083526 
1. £33457 832 0.000090000 10.990000000  0.0090602 0.0000531 
V- 251182955 0.000000000 10.990000000 -0.0000215 -0.0000343 
1. 160393302 0.0€0000000 10.9900090000 0.0000973 -0.0 
12050134430 0.040000000 10.990000000 -0.00C0007 -0.0 
1.002598610 -0.0f0000000 10.990000000 0.0000005 -0.0 
1.9888€9953 10.9°0000000 +0.0C€0000000 0.0086012 0.0063526 
1. 945329422 C.0C000348€ 0.00000348b 0.0075870 0.0073677 
1.520076363 C.000001097 0.00000525€ 0.00€0532 0.0000469 
1. 247282129 C.000000334 0.0C0001960 -0.0000190 -0.0000303 
1. 202126004 10.990000000 0.000002102 0.0002054 0.0001896 
J- 157051901 0. 000000286 0.000001820 0.0000065 0.0 
1. 047500608 0.000000228 0.0C0000S79 -0.0000007 0.0 
1. 000000000 0.0€0000225 0.000000225 0. 0000003 0.0 
0.$97400451 10.990000000 0.000000900 -0.0000144 -0.0000146 
1. 533458380 10.990000000 0.0000000090 0.60006 02 0.0000531 
1.520076882 0. 000005256 0.0600001097 0.0000532 0.0000469 
1. 359682893 C-0C0002443 0.000002443 0.0000007 0.0000004 
1. 183029121 €.000001215 0.000001920 -0.0000902 -0.0000002 
1.. 140728013 10. 920000000 0.000001771 0.0000014 0.0000012 
1. 101913591 0.000001052 0.90000 1602 9.000001 4.0 
1. 000006148 0.0€0000960 0.000000960 -0.0000000 0.0 
0. 952508463 0.000000979 0.000000228 0. 0000006 0.0 
0.949874364 1€.990000000 0.000000000 -0.00€0001 -0.0000001 
4.2513164709 TOS 990000000 0. 090009000 =O.00G9275 =G.0C00345 
1. 247283 846 0.000001980 0.000000334 -0.0000190 -0.0009303 
4. 183025236 9-900091920 6.0009012%5 -0.0009092 0. 0009002 
1. 069694732 C.000001547 0.0€0001547 0.0000001 0.0000902 
1. 034352484 10. $90000000 0.060901515 -0.0000005 -0.0000008 
1. 000008603 0.000001465 0.009001465 -0.0000000 0.0 
0. 898101992 0.000001602 0.000001052 0.0000000 0.9 
0. 842962680 0.000001820 0.000000286 -0.0900000 0.0 
0. 839621215 10.990000000 0.000000000 0.0000000 0.9000001 
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CONTINUED 


1. 202128214 
1. 140729552 
1. 034352859 
0. 965665180 
0. 859288255 
0. 757889409 
1. 1€0396049 
1.157054605 
1. 101915593 
1. 000009365 
0. 965665556 
0. 930323350 
0. 816992827 
0. 752734110 
0. 748833237 
1.050140264 
1.047506295 
1.000010081 
0- 898103994 
0. 859269834 
0.616953942 
0..640335622 
0. 479941778 
0. 466560287 
1. C02609424 
1.000010338 
0.952514151 
0. 847965384 
0. 797891619 
0. 752735827 
0. 479942297 
0.054689489 
0.011148970 
0.99748112€5 
0-949880198 
0. 839623961 
0. 748834991 
0. 466560835 
02011148999 


0.000002102 
0.000001771 
0.000001515 
0.000001515 
0.0C00001771 
0.000002102 
10.990000000 
0.000001820 
0.000001602 
0.000001465 
10.990000000 
0.000001547 
C.000001920 
0. 000001980 
10.990000000 
1€.990000000 
0.000000979 
0.000000960 
C.000001052 
10.990000000 
0.000001215 
C. 000002443 
0.000005256 
10. 990000000 
10. 990000000 
0.000000225 
0.000000228 
C.000000286 
1€.990000000 
C€.000000334 
0.000001097 
0.000003486 
10.990000000 
-0.0000000090 
0.000000600 
-0.000000000 
-0.000000000 
0.000000000 
-0.000000000 


10.990000000 
10.950000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
-0.000000000 
C.000000286 
0.C0000 1052 
0.000001465 
0.600001515 
0.000001547 
0.900001215 
0.000000334 
0.0 
0.000000000 
0.000000228 
0.000000960 
0.00000 1602 
0.000001771 
©.000001920 
0.000002443 
0.000001097 
0.0 
0.000000000 
0.000000225 
0.000000979 
0.000001820 
0.000002102 
C.000901980 
0.000005256 
0.000003486 
-0.000000009 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 


0.0002054 
0.0000014 
-0.0000005 
0.0000002 
~0.0000000 
0.0000000 
0.0000073 
0.0000065 
0.0000001 
-0.0000000 
0.0000002 
0.0000000 
-0.0000000 
0.0000000 
-0.0000000 
-0.0000007 
-0. 0000007 
-0.0000000 
0. 0000000 
-0.0000000 
-0. 0000000 
0.0000000 
-0.0000000 
0.0000000 
0.0000003 
0. 0000003 
0.0000000 


-0.0000000 


0. 0000000 
0.0000000 
-0.0000000 
0.0000000 
-0.0000000 
-0.0000144 
-0.0000001 
0. 0000000 
-0. 0000600 
0.0000600 
-0.0000000 
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TABLE P.7 


CONPIGUKATIOW TWO: CONCENTRATION RESULTS POR 
DISPERSION COEFFICIENT=.0001075 SQ.CM/S AND R=5 


INITIAL VISCOSITY OF THE OIL= 100.000 CP 

KD= 0.0001075SQ.CH/S 

NUMBER OF INTERIOR COLLOCATION POINTS PER ELENENT= 25 
TIME=50,000 S$ 


DT=50,000 S 

PRESSURE VELOCITY IN VELOCITY IN CONCENTRATION 

(PSI) X DIRECTION Y DIRECTION 

CB/S CH/S : IMPLICIT R-K 
METHOD METHOD 

2. 39 £794653 0.000000000 10.990000000 0.0461469 0.0458263 
1. 893573156 ~0.000000000 10.990000000 0.0003249 0.0003564 
1.514036351 0.000000000 10.990000000 -0.0000342 -0.0000454 
1. 325556066 -0.000000000 10.990000000 0.0000205 0.0000282 
1. 223481067 0.000000000 10.990000000 -0.0000085 -0.0000112 
1. 185775722 -C€.000000000 10.990000000 0.0000026 -0.0 
1. 119491111 0.000000000 10.990006000 -0.0000005 -0.0 
1.050122807 0.000000050 10.990000000 0.0000002 -0.0 
1..010663730 -0.000000000 10.990000000 -0.0000001 -0.0 
1.0004406S$3 -0.0000000006 10.990000000 0.0000000 -0.0 
2-395794659 10.990000000 0.000000000 0.0461469 0.085826€3 
2- 352402911 0.060008264 0.000008264 0.0412828 0.0410013 
1. 882020956 0.000002263 0.000011834 0.0002907 0.0003187 
1.§12347532 0.000000356 0.000003351 -0.0000306 -0.0000406 
1. 324348961 0.000000246 0.000003566 0.0000784 0.0000252 
12223057498 C.000009094 0.000001829 -0.0000076 -0.0000100 
1. 204854747 10.990000000 0.0000027122 0.0003805 0-0003737 
1. 185160689 0.000000128 9.0000019%3 0.0000023 0.0 
1. 118988901 0.000000705 0.00090 1547 -0.0000004 0.0 
1.049672205 0.000000094 0.000000985 0.0000001 6.0 
120102234 72 0.000000092 0.0090000453 -0.0000009. 9.0 
1. 000000000 0.000000092 0.000000092 0.0000000 0.0 
0. 999558146 10.990000000 0.000000000 -0.0000121 -0.0000121 
1. 893573310 10.990000000 -0.000000000 0.0003249 0.0003564 
1. AB2AI2VIWOA Q2COpew eS ts CLC OCR Cee comme Ce OOO 2557 Ce OCGSTG7 
1s 724273002 0.000005%23 Q-0009005123 0. 0009018 9.0090615 
4. W737 74547 0.02060014655 9.990003699 -0.9000003 ~0.00090035 
1. 300976262 C.000000938 0.000002699 0.0000001 0.0000001 
1. 210206C70 0.000000€08 0.000002132 -0. 0000001 -0.0000001 
1. 190378752 10.990000000 0.000002017 0.0000027 0.0000029 
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1. 039267538 0.000000459 0.000000976 0.0000000 0.0 
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1. 000008814 
0. 989789833 
0. 989349338 
12514037077 
1.512348252 
1. 473275116 
12356043675 
1. 232651510 
1. 158569700 
Lesa COUR Resi 
1. 124405368 
1. 065669113 
1.000013753 
0.960756949 
0. 950351500 
0.949500948 
1. 325557798 
1. 324350686 
1. 300977821 
1. 2326524962 
1. 145348172 
1.084449507 
1. 069376634 
1-054567129 
1., 000016304 
0.934361581 
0. 892520005 
0. 881039932 
0. 880537787 
14223483761 
1. 223060182 
1. 210208558 
1. 158571503 
1.084450298 
1.628719557 
1.014327392 
1. 000017639 
0. 945466957 
0.875627286 
0. 828446585 
0. 814877028 
0.8142560E2 
1. 204857717 
1. 190381512 
1. 141113403 
1. 0693775635 
1.014327600 
0.985708205 
0.930657831 
0. 858921785 
0. 809653523 


-sa57 


Vo17 t58si5s 
1.124407667 
1.054568353 
1.000018055 
0.$85708412 
0.971316162 


0.000000452 
0.000000452 
10. 990009000 
10.990000000 
C.000003351 
0.000003699 
0.000002354 
0.000001477 
0.000001205 
1€.990000000 
C.000001101 
0.000001001 
0.000000962 
0.C00000976 
C.000000985 
10. 990000000 
10.990000000 
0. 000003566 
C.000002699 
0.000002083 
0.000001643 
0.000001450 
10. 990000000 
0.000001404 
0.000001365 
0.000001419 
0.000001512 
C0. 000001547 
10.990000000 
1€.990000000 
0. 000001829 
0.000092132 
0.000001&61 
0.000001586 
0.-000001565 
1€.990C600000 
0.000001489 
0.000001531 
0.000091709 
0.000001909 
0.000001993 
10.950000000 
0.000092122 
C.000002017 
0.009091781 
0.000001562 
0.000001499 
0.0000014899 
0.000001562 
06.000001781 
C.000002017 
0.000002129 
10.990000000 
G. 000097993 
0.000001909 
0.000001709 
0.000001531 
0.000001489 
10. 990000000 
0.000001505 


0.000000452 
0.000000092 
0.0 
-0.000900000 
0.000000356 
0.00000 1655 
0.000002354 
0.000002083 
0.00090 1861 
0.900001781 
0.000001709 
0.000001419 
0.000000962 
0.000000459 
0.000000094 
0.000000000 
0.000000000 
0.000000246 
0.000000938 
0.000001477 
0.00000 1643 
0.00000 158E 
0.000001562 
0.000001531 
0.0000013€5 
0.000001001 
0.000000502 
0.000000105 
-0.000000000 
-0.000000000 
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0.0003737 

0.0000029 
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-0.0000001 
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0.915585137 
0.841463719 
0.789826564 
0. 776975145 
0.77€551658 
1. 119495831 
1. 118993604 
1.107513497 
1. 065672487 
12000018411 
0. 945468181 
0.93065 8837 
0. $15585928 
0. 854687162 
0. 767382895 
0. 699057603 
0. 675684997 
0-673477979 
12050130260 
1.049679634 
1.039274400 
1.000018915 
0. 934364915 
0. 875629585 
0.85€923831 
0.. 841465522 
0.. 767383 847 
0. 643991971 
0. 526760763 
0. 487687932 
0. 485999204 
1.01067 66 €6 
1.010236261 
1.900019272 
0. 960763811 
0. 892524369 
0 - 828449633 
0. 809056284 
0-789829051 
0.699059 162 
0. 526761332 
Oo 278763207 
0. 118015436 
0. 196463326 
1. 000460932 
1.000019610 
0. $89802622 
0.950358929 
0. 881044635 
0.8148742E2 
dv. 795180476 
0. 376977830 
0. 6756267299 
0. 4&7688653 
0. 178015584 
-0. 352366035 
+0. 395757686 
0.999578385 
0.989362294 
0.949908402 
0. 680542507 
0. 814259322 
0. 776554352 
02674479711 
0.485999931 
0- 106463461 
-0.395757679 


0.000001586 
0.000091861 
C.000002132 
0.000001829 
10.990000000 
10.990000000 
0.000001547 
0.000001512 
0.000001419 
0.000001365 
0.000001404 
10. 990000000 
0.000001450 
0.000001643 
0.000002083 
0.000002699 
0.000003566 
10.990000000 
10. 990000000 
0.000060985 
0.000000976 
0.000000962 
0.000001001 
0.000001101 
10.990000000 
C.000001205 
0.000001477 
0.000002354 
0.000003699 
0.000003351 
10.9290000000 
10.990000000 
0.000000452 
0.000000452 
0.000000459 
0.000000502 
0.000000583 
10.990000000 
0.000000608 
0.000000938 
0.000001655 
0.000005123 
0.000011834 
10.990000000 
10.990000000 
0.000900092 
C.0000090092 
0.000000094 
0.000000105 
0.000000128 
10.990000000 
0.000000094 
A. annnna2uK 
0.000000356 
€.000002263 
0.000008264 
10. 2950000000 
-0.000000000 


62900000000 
0.0 
-0.000000000 
0.000000000 
0.0 
0.000000000 


0.000001450 
0.000001205 
0.000000608 
C.000000094 
0.0 
~0.000000000 
0.000000105 
0.000000502 
0.000001001 
0.00000 1365 
0.000001531 
0.00000 1562 
0.000001586 
0.00000 1643 
0.000001477 
0.000000938 
0.000000246 
-0.000000000 
0.000000000 
0.000000094 
0.000000459 
0.000000962 
0.000001419 
0.000901709 
0.000001781 
0.00000 1861 
0.00000 2083 
0.000002354 
0.000001655 
0.000000356 


0.000000000 


0.000000900 
0.000000092 
0.000000452 
0.000000976 
0.00000 1512 
0.000001909 
0.00000 2017 
0.000002132 
0.00000 2699 
0.000003699 
0.000005123 
0.000002263 
0.0 
0.000000900 
0.0090000092 
0.000000452 
0.000000985 
0.0000015487 
0.000001993 
0.000002122 
0.00000 1829 
0. ANDONDASKEK 
0.00000 3351 
0.0000778 34 
0.000008264 
0.0 
10.990000000 
10.990000000 
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10.990000000 
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-0.0000000 
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~0.0000000 
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-0.0000000 
6.0000000 
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0. 0000900 
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COLLOCATION 
POINT 


WOOWNAWMEWN = 


TABLE FP.8 


CONPIGURATION THO: CONCENTRATION RESULTS POR 
DISPERSION COEFPICIENT=.01075 SQ-CM/S AND N=5 


INITIAL VISCOSITY OF THE OCIL= 100.000 CP 


KD= 0.0107500SQ.Ca/S 
NOMBER OF INTERIOR COLLOCATION POINTS PER ELESENT= 25 


TIME=50,000 S 


DT=50,000 § 


PRESSURE 
(PSI) 


2. 395794653 
1.893573156 
12514036351 
1. 325556066 
1. 2234681067 
VWS5S775722 
1. 119951171 
12050122807 
1.010663730 
1.00044 0693 
2-395794659 
2- 352402911 
1, 882020956 
1. 512347532 
1. 324348961 
1. 223057498 
1. 204854747 
1. 185160689 
1.118983901 
1.049672205 
32930225472 
12 600000000 
0.999558146 
1. 893573310 
¥. 727273002 
fo Y73274547 
1. 300976262 
1.210206070 
1. 190378752 
Va UASSS UN 
1. 107509133 
1. 039267538 


VELOCITY IN 


X DIRECTION 
CH/S 


0.-000000090 
-€.000000000 
0.000000000 
-0.000000000 
0.000000000 
-C.000000000 
0.000000000 
0.000000000 
-0.000000000 
-0.000000000 
10. 990000000 
0.000008264 
0.000002263 
0. 000000356 
0.000000246 
0.000000094 
10. 990000000 
0.000000128 
0.000000105 
0.000000094 
0. 000000092 
0.000000092 
1¢.$90000000 
10,999909000 
UeUUVUTIBS4 
6. 000605123 
C. 000001655 
C. 000000938 
0-000000608 
10.990900000 
0.000000583 
0.000000502 
0.000000459 


VELOCITY IN 
Y DIRECTION 
CA/S 


10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.990000000 
10.390000000 
10.990000000 
10.990000000 
0.000000000 
0.000008264 
0.000011834 
0.000003351 
0.00090 3566 
0.000001829 
0.000002122 
0.00000 1993 
0.000001547 
0.000000985 
0.000005453 
0.000000092 
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Hand Calculations for Concentration Profiles 
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This appendix contains hand calculations for two cases far 
the convection-diffusion equation (for details see Section Halo) 
Two extreme cases are considered. Values of concentration 
are checked only for the Total Implicit method. For N=3 the concent- 


ration values are taken from Table F.2, and for N=5, from Table F.4. 


Case 1 (For N=3) 

The collocation point Number 10 is considered (see Figure 
11 for numbering of unknowns). Equation (5.30) was used for the 
Total Implicit formulation. Concentration of the solvent at the t 
time level was assumed zero for the entire formation. Also for the 


collocation point, Number 10 q is zero. Therefore Equation (5.30) 


reduces to 
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The following collocation points are needed for the first and 


the second derivatives (Figure G.1, not to the scale). 
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Figure G.1. Collocation points for first and second 
Derivatives for N=3. 
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Pi, Po, P3 and ?y, are given by Equation 5.26 
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Summations in Equation (G.1) are expanded below 
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where C. is the concentration at the i” collocation point. 


The numerical values of the summations can be evaluated as 


follows: 
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Substituting the values of the summations in Equation G.1] yields 
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~Case 2 (For N=5) 
Collocation point Number 27 is considered (see Figure 13 


for numbering of unknowns). Equation G.1 still holds with different 


values for NPX and NPY. 
The following collocation points are needed for the first 


and the second derivatives (Figure G.2, not to the scale). 
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Figure G.2. Collocation points for first and second 
Derivatives for N=5. 


The values of P,;, P>, P3 and P, are given by 
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Summations in Equation G.1] are expanded below: 
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Therefore the numerical values of the summations can be 


evaluated as follows: 
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APPENDIX H 


Physical Data for Porous Media Problem 
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Injection rate of the solvent Q, 0.3277 cm3/s 
Viscosity of the injected solvent Ugs Tepwe 
Porosity of the formation , 0.1 
Permeability of the formation Kp» 0.1 darcy 
Length of the formation L, 6000 cm 
Width of the formation W, 6000 cm 
Thickness of the formation S, 30.48 cm 
Initial viscosity of the oil in the formation uy, 100 and 10000 cp 


Dispersion Coefficient K,, 0.0001075 and 0.01075 cm?/s 


Dz 
At, 90; 000"s 


Pressure at the reference collocation point, 1 psi. 
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